CONTRACT REQUIREMENTS CONTRACT ITEM MODEL MNO. DATE
Ry
Exhibit E, Para. 5.1 13 LEM 1 zas 9100 14 Jan 63
TYPE TI N~ — #693
' REPORT |

No, __1ED-

220-5

7 Wime "

IMS MATH MOTEL -

DATE: 2o £PTil 195

ZQUATIONS OF MOTION, SUBSYSTEM
IITERFACES AND VISUAL DISPLAY

DRIVE EQUATIONS

CODE 26512

Y g

PREPARED BY: cm-:cxf:n BY:
Crar - ) 4'

M. Srarziro M}k Efz ( &'{;Lr\ .

APPROVED BY: ."' Sreve T R
4 Roes Flai. ir t. Lewin

FESTOVE Ty

£ hitexer REVISIONS
REV,

DATE BY REVISIONS & ADDED PAGES REMARKS

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

ws



PAGE 1

FORWARD

LEM Guidance, Navigation ani Corntrol-Analysis and Integration
Section has the responsibility of supplyirg major portions of the LEM
Mission Simulator (IMS) Math NOd:L to the LEM '*a1ning Equ1pment Section.
Report.LED-SOO-S represents a paritial fulfillment of this obligation.
| where possible, all equaticns aﬁe izrivel in the most g=neral form
to refiect an exact model of the rrysiczl systezm. These equations are
subseguently simplified in the t2%t to the extent that the Dnsuing sim-
vlatiorn 1s compatible with the prirzs missicrn chjective, narmely astronaut
treinirgz. A Tew of the more imporiant s:mpT; ications, that are uiscusseaﬁ
in the text, are listed belcw:
2. During lunar mission exsrcises, the LEM equations of motion should

irelude lunar triaxiality pertotaticns only.,
’

1

2. The fuel slosh computeiicral 1cor should te based zn & constant
izmping ratio. Tt is recimmzrisi irat eiiitional simplificaticns ke

scught with respect to +re seri=g of szeoni order differentizl eguations

(I‘

rat represent the fuel-slcsh-paniulur enalog model.
I g

Lal

during all independsnt 1MD i
siculd be represeqéed by 2-tsiy motion,

-. During all Earth missicn zzerelses, LI motion shouid be definsd
Ty relgtive motion equatiors, wrereir *the cooriinets origin is locsted
et the CSY mass center. Thus, BEaxil otlsteness perturbztions and CSM4
zerodynamic perturbations sr= never’c:&pufed by‘the LEM ¥ission
Simulator.

5. During lunar mission ex<rciszz, relative motion equ&tions_should
te used to describe the LEY trajectcry whenever the LEM is loecated
within some small, predetermined sphere of influence measured from the

CS{ mass center.
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6. Jet damping forces andltorques shoﬁld be deleted.

AN T Stage‘separatioc fcrcee and terques should be repfeéented by &
q lineer function rather than a third order polynomial.

8. The lunar libration matrix and the regression of the Moon's node
should be maintained constant during the course of a run. |
9. During any given run, the Moon's radius should be a constant
specified by the Land-Mass Simulator datum surface.

10. Lunar surface velocities due to the Moon's libration a_c rnotel
11 ‘ | regression rate are small and sbould be neglected

| | 11. The incremental LEM velocity relative to the lu;ar surleace

due to a displacement.between the LEM-CG and the landing reder-0G
is small and should be neglected.

12, Ground tracker elevation constrai“us should be assured
constant rather than computed as & function of the trecker szimu<n
angle,

-13. Fuel and oxidizer inertias should be tesed on point-rmess

considerations.,

~TRPOM  LED 500-5
OATE 22 April 1965 ,
GIUMMAN AUICIAFY !NGIN!!IING CO]’OIATlON )
: A " CODE 26812 ©




PAGE §ii

SECTION
I.
II.

IIT.

TABIE OF CONTENTS
SUMARY
IHTRODfCTION

DETATLET © EQUATIONS - SHEETS 4 THROUGH J,

A

e

LI Translational Equations
1. Purpose

2, Prirary Refer=nce System And Generalized
Fguations of liotion

2, Gravitationgl Ferturbations
[ Zguations of lMotion

. Corelusions

IT4-237 Relstive Ezuations of lotion and
{3 Tralectory uomfutation

1. Purpose
. 034 Eguations of Motion Considerations

>

. LAy . N -
. Tzernigue 1 - Txeet OS54 Ejzations of
. ,

votion

L, Tactnigue 2 - L Simplified C34 Sclution
Witr Ferturtrative Irfl;e'cos

S, Tecrrnigue 3 - Pecommended Two-Zody C3M
Eguiatiors of liotiorn With Alteration of
Tgrtn FPotation Rate

£. I/ fe a+1ve Egustions of Motion

7, Relstive Aerodyramic Accelerations

[ea]
.

_Co:cluéions
I xotebional Fquations of Motion
1. Purpose

Pcuauloral Equatiovs

PAGE

25
29
31

3k
3

FORM GJ28 REV 1 8.4

REPORT _LED-500-5
DATE 22 Aprilv1965

" GRUMMAN AIRCRAFT ENGINEERING CORPORATION

CODE 25512




PAGE iV

SECTION - TITLE ' A PAGE

3. External Torques ' 34

i
o 4. IEM Orientation Computations - 39
' 5. Conclusions L6
D. General Transformations _‘ L8

1. Purpose ' 1

2, Matrix Operator From Inertial M-Frame L§
to Sélenogrephic S-Frame

3. Matrix Operator From True IMU R-Frame 50
to Inertial E or M-Frame ' '

L. Matrix Operator From Inertial M or E-Fra.me 53
to LEM Body B-Frame

5. Matrix Operator From Inertial E-Frame 5u‘
to Geographic: G-Frame

6. Matrix Operator From the LEM Body B- 54

v Frame to the Optical Window W-Frame
o or Telescope T-Frame
- | 7. Conclusions o 56
A E. Ephemeris 57
1, Purpose o7
| ‘ : 7 2, Problem Start Initialization - 57
3. Lunar - Solar Positional and Orbital 58
Elements

L. Conclusions v o 58
-F. Rendezvous Radar | 59

1. Purpose 59

2. Relative Range and Velocity Vectors 59
Measured in LEM Body Axes

3. Rendezvous Radar Interface Parameters §1
b, Conclusions 7 63
G. Landing Radar e

1. Purpose | o 6L

GRUMMAN AIRCRAFT ENGINEERING CORPORATION
coDE 26512

B roﬁlganuv;..“ o ) REPORT ﬁD-500—5
o S DATE 22 April 1965



PAGE v

SECTION TITIE PAGE
72. Doppler InputVVeldcities ' 64
3. Slant Range Measured Along Radar Beams 69
k. Lend Vass Simdlator 71
5'. Conclusions 7
H., LEM Communication Requiremerts ' 78
1. Purpose : ’ : 78
2; IEM-CSM Communication Capability 78
3. IHd-Earfh Traéking Station Comrinica- 80
tion Capability :
4., Conclusions A : &5
I. 'Weights and Balance _ 87
1. Purpose | ' 87
2. LEM Mess 87
3. Instantaneous Cenier-of-Gravity &8
4, Moments and Producis of Inertia 88
5. Conclusions ' €9
J. Visual Displa; Drive»Bquaticns 9
1. Purpose : 7 91
2. Celestizl Sphere 91
3. Mission Effects Projector i 9%
L, Iandirg and Ascert Image Generator . 101
5. Rendeivous and Docking VSimuiator 1c2
6. Conclusions | } 112
Iv. REFERENCES o 113
| V. : SYMBOLS = = . , . 117
Vi. IEVEL I, II AND III FIOW DIAGRAMS 136
VIIo FIGURES ... y 156
FORM G328 REV 1 8-44 , “ - wonr LED-500-5

DATE ~ 22 April 1965

GRUMMAN AIRCRAFY ENGINEERING CORPORATION |
" CODE 26512



ract vi

SECTION TITIE PAGE

- VII. 1. Inertial Farth E-Frame and Moon M-Frame 156
N~ _ . Geometry |

' 2. Main Engine Thrust Geometry ’ 157

3. LEM RCS Thrusters and Body B-Frame'Geometrji 158
k. Deseent Tank Slosh Model o 159

: ' S 5. Inertial And Relative M or E-Frame Schematic 1€p

€. Relation Between M-Frame and Selenographic - 167

S-Frame ,
7. LEM Optical Axes : | 162
8. Rendezvous Radar Geometry E 163
N 9. LEM Landing Radar Geometry ' 164
? 10. lLanding Radar Land-Mass Similator C 165
' {Beam Geometry)
11. Laﬁd-Mass Coordinate Geometry | 166
] 12. Communication Schematic 167 ' O
A
! '13. Earth Communication Radar Geometry 168
1l. Celestial Sphere Gimbal Drives 169
15. Barth-Lunar-Solar Occulter Drives 170
1€. Mission Effects Projector 171
17. Landing and Ascent Image Generator 172
18. Rendezvous & Docking Display 173
é | 19, CSM-Sun Illumination Displaey 174

\_/f( 7,"/ K ) - . o o } o
: - - B . - e B -
FORM G326 REV | §-44 ' REPORT  LED-500-5

3 ' DATE 22 April 1965

GRUMMAN AIRCRAFY ENGINEERING CORPORATION
' . CODE 26512




by
~— e

raGt 1

I. Summary

The purpose of this report is to present the ratlonale, gssumptions &nd
derivations used to. generate the following sets of equations for the IMS.

A, LEM Translatlonal Equations of Motion (Lmnar)

B. CSM and LEM Relative Equatiors of Motion

C. Rotational Equations of Motion

D. deneral Transformations

E. Ephemc"k-

F. Rendezvous Rsdar Subsystem Tn*evlace Equations

G. Landing Radar Subsystem Interface Esustions

H. Communications Antenre Interface Eguaticrs

| T. Weighs and Balance

J. External Visual Tisplay Irive Egustions

Sets A through J represent de%ailed equatiors the: proviie "true"
{error free) trejectory informasticn to =11 melor subsystems and the

instructor., These equaticns arz.elsc use vizsual cues for

2
~+
(5

"
j43
1]
4]
%]
0
ct
M
ct
¥
[y
o

the estronaut,
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II, Introduction

A. General. The Aﬁollo Mission Simulation Complex will be useﬁ to train
all personnel directly connected with the landing»of'twb men on the Moon and
the'r safe return to Earth. -This eomplei consists of three simulatofs; namely,
the Manned Spaceflight Control Center (MSCC); the Apdlio Mission Simulator
(AMS), and the LEM Mission Simulator (IMS). Briefly, the MSCC coordinates all
aspects of the ApollorMission,.while the AMS End IMS are concerned primarily
with those functions performed by the Command and Service'MOQules and the .
Lunar Excursion Module, respectively. Cnly the IMS funetions are described
herein. | 7

The IMS Math Model hes beenVVritten'in accordance with the ground rules -
established in reference 1. These are:

1. The IMS must operate either independently of the AMS and MSCC or

In conjunction with the AMS and/or MSCC (1ntegrated mode).

2. The LMS must be capable of simulating either Luner Mission or Earth

Mission phases. | |

-

3. The IMS must describe all LEM operational functions.

B. Report Format. The detailed equetions end information contained

herein is outlined in accordance with the Index Dlagram éiven in sheet AAA
(see Section VI). This summafyxsbeef contains 10 sets of equations and 1
set of figures. Each set of‘eqﬁa;ieﬁscorresponds ﬁo a particular simulation

- function such as rotational equations of motion, or subsystem interface
equations, or external visual display drive equatibns. Specific simulation
functions are letfered from A to J. Furthermore, each setrbr simulation
function is partitioned into subsets numbered from 19 to 97. VWith this
breakdown it is possible to quickly locate'a-particular eéuation. For example,

F - 20 describes the rendezvous radar gimbal angle and gimbal rate eqﬁations,
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since, from sheet AAA, set F denotes the rerdezvous radar and subset 29
denotes gimbal angie and rate comﬁutatidns.

Sheet AAA also presents required inputs from other meth models. 'Efternal
meth model inputs are indiceted by arrows entering from the left of each set.
The more important outputs, computed withkin each Set, grs shown by arrows
lea#fng the set,

A more detailed treakdown of-the flow betwesen sets, sutsets, and other
ma*th models are given in sheets AA. Sheets AA were genereted as an aid to
programmiﬁg the equaticns on a digital ccrmputer. - |

Discussed ih Section IIi of this report are all the detailed egations
developed on sheets A through J. Secticrn III is divided into subsections,
Each subsecfion is lettered “rom A to J to correspond to those sets
(simulation functions) shewn in indéx shéet ALE . Thu., re;crt~subsectiqp‘

° [ ]
IiI—J discusses the derivations required to genserate the visual display
drive equatisns, Each repcrt subsection is ccmplete and Includes:
~a. the purpcse cr feascns for simulating each 'set

b. 'deri§ations gend assumptions relaeted 1o the subset eguations

c. fecommenﬁationS'or nzed for future work

d. conclusions

designeteld by a caplitel letter

[y

Equaticns, given in the text, that er

o

followed by a number can be found on the corresponding shesis lettered from

fon}

A to J. These equations do not necesserily follow & sequarntial order in
the text since the coxplete flow diagrams.were genereted prior to documen-
tation. Text eqﬁations.designated'by smell létters are used either as
intermediaries torderive e set or subset equation or to present an élternate

approach not listed on the detaiied flow diagrams,

References are listed in Section IV, Symbols, units and range of

variables are defined in Section V. Index sheet AAA, flow sheets AA
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and detailed equation sheets A through J are given in Section VI. All

Figures are presented in Section VII.
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IIT. L. n-lled Equations - Sheets A through J

A. LEM Translational Equations (M-Frame).

1. Purpose. The purpose of Set A equations is to sccurately represent
all significant external forces actlng on the LEM vehicle during the
lunar mission phase. Integrating these forces provides & "true" LEM
trajectory governed by the accuracy of the_physicel assumptiops‘and the
numerical integration scheme employed. These eqﬁations will be used ‘
during independent or integrated luner operational modes oniy. Earth
operational modes and CSM motion eéuations during the independeﬁt mode -

are discussed in Subsectioh IIi-B.

2, Primary Reference Szetem and Generalized Equations of Motion., NASA

has suggested (reference 2) that the primary reference frame be defined
by the mean Earth equator of dete, wrere, exis X ie directed along the
mean equinox of date and axis Z lies alorng thre Farth's mean spin vector,
During lunar misslons, the reference set will te Moon centered (XM, YM’
ZM;\see Figurerl) whereas, duriné Earth training missions the'reference
set will be earth certered (Xp, Yp, ZE).

The equatiors of motion of a point of mass relative to an inertial

 freme centered at a massive body, n, are well known:

n-t
2 _k2%(m Fo _ n-rj, G E
r= KE(mp+my) =% 3 K?) m; r_JL +r'3]+P+ ™

=| -

CJeL . ' (}3-,)

Subscript L denotes LEM. Le* the massive body represent the moon,
n = M The bracketed term contains both the direct attraction of body
m

J
Jupiter, etc.) on the Moon 's origin m,, Vector P denotes the lunar

on the vehicler%; and the indirect attraction of body my (i.e. Earth,
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triaxiality acceleration, All e#ternal forces such as main eﬁgine 7
thrust, RCS thrust; fuel slosh, separation forces and jet damping forces
are lumped into the term -Ei '
3. Gravitational Pé;turbations. During the lunar mission_phase all gr&v-
itational forces except those due to lunar triaxiality are neglected.

The reasons for this statement are listed below.

. Earth-Lunar triaxiality perturbations. This is in general agreement

m, °

a. "M or E" - Frame Perturbation. Lunar-solar forces acting on the

Egrth's,equatorial bulge cause the Earth's mean equator of date, and
hence the mean equinox, to precesﬁ at an average rate of about 0.015
degrees/year.- Accordingly,‘the reference M or'E-f;ame is non-iner-
tial. For the.IMS, however, an inertial set is assumedf Solution
accuracj is not compromised by this assumption becausé it can be

shown that the apparent coriolis and centrifugal errors induced are
less than tﬁose perturbativé'acceleratiéns due to either:Mars or
Jupiter {reference 3). The IMS-LEM trajectory calculations are trere-
fore unaffected.

b. Solar-Perturbation. An extensive numerical study has Teen conducted

at GAEC frefereﬁce iy to ascertain the effect of lunar triaxialify,
Earth, Sun and planet rerturbations on the motion of a close lunar
satellite. This report clearly indicates that ‘he effect of solar
aﬁd planetary ‘Earth excluded) pertﬁrbatidns on satellite mofion are

approximetely 3 to L orders of magnitude smaller than the combined

with the order of magnitude obtained by simply ratioing the Sun and
triaxiality perturbations. Since, as shown below, the Earth per-
turbation can be neglected for purposes of IMS simmulation, it is

safe to neglect the solar and planetary perturbations.
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4 indicates that for a lunar eqpatorial satellite orbit, the Earth

still small. For exsmple, the eguivalent angiiar satellite position

Earth_Perturbhtion. The influence of the Earth's perturbative ac-

céleration on the motion of a near lunar éatellite has a smaller
effect than does the Moon's triexiality perturbation. This 1s evi-
denced either from ihspecting the Earth-Moon potential function or
by comparing the data given in reference I, Numerical date from_rgf-
erence L indicate that the Earth perturbation has approximstely & 1
to 2 order of magnitude smaller effect on short period raﬂial, semi -
major axis, and eccentricity excursions (for a low altitude, circular,
equﬁtorial lunar sétellite orbitj than does 1unar triaxiality pertur-
vation. For example, the Earth'é contribution +o the radial excursion
is 009 n, mi, during & 14 day mission. Thus, by neglecting the Fartk
perturtationa mexirmm short period radial excursion error of 009 n.m.
is introducéd.

IFM orbital inclinetion and right ascenéion of tkre as;ending node

long period and secular excursions oust also be considered. Reference

has & more predominant 1nf1,ence on vnese T *a_n‘e*s ‘hen does the
Junar trisxiality. This resullt eppeaTs reasos&tle since to tte first
order there is nro lunar triaxiality per*;rba.‘b* rormal to the equa-
torial plane. The Earth perturbvation, ‘rowever, does p*od“ce a dis-
turting force component pormal to tris plane. Thrus, ivc11nat*on or
nodal excursions, for a lunar eguatorial orblt, reflect the effect of
the Rarth's influence ;ather than the ‘ﬂfluence of a triaxlal Eoon.
Although the Earth perturbation on setellite inclination exceeds

ihat of the Moon, ihe resuliant multiboéy incliration excursions are

error due to neglecting the Earth, based on representative initiel
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conditions (low altitude, circular, lunar equatorial orbiﬁ), is
approximately .0l n. mi, aftef each satellite revolution (reference
4). As the IEM orbit inclination with respect to the lunar equator
increases, the Earth's secﬁlar perturbative influehce diminishes rel-
ative to the lunar triaxiality perturbation. Since the LEM lunar
mission isrof the order of a few days, and since the resultant Earth
induced excursions are well within "spec limits" (reference 1), the
Earth has been deleted as a perturbing body during lunar separation-
to-descent and ascent-to-rendezvous mission phases,

~

k, IEM Equations of Motion. In the absence of solar and Earth perturba-

tions, the LEM translational equations {a-1) with respect to a Moon
centered M-Frame become:

=My Py 5 Fr -
P = pﬂﬁilL * B ¥ m, (A-10)

a. Lunar Triaxiality Perturbation, The recommended form of the lunar

triaxiality potential is {reference 2):
3z 3 Yo
= C[A( “)* B(1 - "‘“"‘)] (a-2)
M

Constants A, B and C have been determined by a NASA Earth Model

Meeting and are'given as (reference 2):
A = el o 619,36 X107

' Ic ' . o (A-o1)
202.70 %10

t

B .
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s

c=(2 W%%ur)(!%ﬁi) = 2815995 x 10 I (A-0)

Principal moments' of inertis, IA’ LB, IC, are measured aiong the
Moon's -long, intemediate and short axis, respectively.

The triaxlality per’curba’cion acting on the IEM vehlcle i; gliven
by trhe gradient of (a-2), thus: .
Ps = sz ts + st \?s + stRs

where: -

_3CXsn.
e =255 F

_SCY/ ‘
o= 35 (f29) (a-2)

<9
l

Pz 3C2‘g:. (F -ZA)

S

and where:

= A [ f.:,: l] + B[S(_%)Z-J | (A=23)

Tguations (A-21, see sheet A) require that trhe LEM position vector
- ) 2
e meagured relative to selenographic coordinates 'r ). The IR
S/L

position vector relétive to M-frame coordinates T } is known from

M/L
the solution of the equation of motion /4-10). Hence, these coordin-
ates must be transformed from the M-frame to the selenographic S-

frame, This 1s accomplished by matrix operator aij {see Section

III-D, equations D-10):

rs,,_ a; ij rM,,_ (D-10)
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(T

Once having determined the triaxiality accelerations in the S-frame,
(A-21), then these accelerations must be transformed back to the

M-frame equations of motion; therefore'

P, =2, B - ~ (A29)
This completes the triaxiality perturbation computations. B

b. Main Engine Thrust Forces. Descent or ascent engine thrust forces

3 k =Dor A) are supplied by the Propulsion Math Model Section
of the IMS. The descent engine nozzle is gimballed to provide trim-
mihg moments in addition to translationai forces. Descent engine gim-
bél angles SQD a,ndgq}D é.re depicted in Figure 2, These angles are
genefated by the Sfabili;ation and Control Math Model Section of the
s, 7 7

The ascent eégine nozzle is fixed to the body. AnglesékaandE;QA
are math model input constants that reflect any angular misaiign-
rert between the thrust axis 6; and the body axis Q%. Main engine
thrust forces resolved along the body axes take the following form:

Txy = T, cos Sy, C0S Sg,,
TYax = TK SIn Sy (A-30)

TEBK - TK COoS S‘WK sin SQK

c. RCS Thrust Forces. The reaction control system consists of 16
thrusters mounted on support booms in clusfers of four as shown 1n
Figure 3. Two separate propellant feed systems, "a" and "bv" are
provided., Systems & and b are denoted in Figure 3 by unshaded and
shaded thruster nozzleg, respectively. Each thruster is designated

by & number (Tu, u=1, 2, ...16). Translational forces and/or

Fl
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moments are generated by appropriate thrust commands issued from the Reac-

tion Control System Math Model.

RCS force components along the body axes are:

—T)-(BP.: T;_+T; +-’1-0+TH ‘(T, *TJ"*-H? + TT.‘S)
Tst‘ Ti2+Tig - (T4 +Te) (A-50)
.r;EE"l=='-F; +7T) -'('T§-+'Eé)

d. Fuel and Oxidizer Slosh Forces Vehicle torques induced by main engine

propellant oscillations during the powered descent and ascent maneuvers
have a significant effect on RCS propellant consumption and limit cycle
characteristics (references 5, 39). Thus, any meaningful math model
should have provisions to simulate propellant slosh force and torque per-
turbations. A detailed deseription and derivation of the mechanical ana-
log used to simulate slosh forces is given in references 6, 7 and 8. A
brief description of these equations, as related to the IMS math model
(A-40), is given below,

Fuel and oxidizer slosh forces depend on the accelerations acting on
each tank. The tanks are not located at the vehicle CG (see Figure L),
It 1s therefore necessary to transform the known linear acceleration act-
ing at the vehicle CG to an applied linear acceleration acting at each
tank CG. Component tank accelerations acting along the body Yﬁ direction

(Vo ) and ZB direction (W, ) are computed in equation (A-45). Descent
SKJ SKJ
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stage slosh forces, in each of four tanks (j =1, 2, 3, L4), are generated

vhenever the descent engine is activated (K = D). Ascent stage slosh
forces, in each of two tonks, (3 =1, 2), are generated whenever the as~ -
cent engihe is activated (K = A). | |
Consider a tank coordinate reference system fixed to the liquid mass
and parallel to the LEM body axes system at main engine ignition. As the
LEM yaws* about its XB axis, the liquid mass is assumed to remain station-
ary; consequently, a yaw displaoement will exist between the tank axes
and the vehicle axes. Le’o this yaw excursion be denoted by angle ¢k’

where:

= jfk Pe ‘lt o (A-44)

» The-limi'ts of integ.ration- exfend from fhe initiation of main enéine burn

until shutdown |

Angle ¢ is used in equation (A-L3) to transform the perturbing accel- o
eration acting on each tank from body coordinates to liquid coordinates.
Accelerations ;VLSK are forcing function inputs to the equivélent-mechan-
ical slosh model.‘j The slosh model (A-L2) is represented by a pendulur
whose mass and support position is designed to generate forces equivalern:z
to the amouot of propellant that sloshes.

The solution of (A-42) depends on the slosh natural frequency, (-L)n‘( s
and damping ratio, f‘j}( Values for &)n‘dare given in equations A-4€
and A-47 in terms of total longitudinal thrust acceleration —%—&5 ,

tank radius, RKT, and a non-dimensional parameter, MK . Parameter MK is
| R 3

¥ Normally this motion 1s referred to as vehicle roll. With respect to
the LEM astronaut, however, this motion is sensed as vehicle yaw.
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~composite deccent propeliant mass CG depends on the representative "slosh'

supplied as é tebular function of oxldizer or fuel mass ratio (mass remain
, ™ 7
ing to total tank mass capacity, Iﬁﬁ;i: , see A-lLéa, L7a). Loop A-L49 a,
: d
b, ¢, 4 is employed to define damping ratio, S) JK' As shown, this\in-

volved loop depends on the fluid height h, (A-b6a, A-47a), tank shape

J
(A-49d), number of bafflesin each tank 6;,{ baffle height hg . (see Fig-
ure L), vaffle width Ve rthe equivalent pendulum motion (A-L2), and
UQﬂ( . Note that logic A-~L9d epplies only t0 the descent tanks since
Ea

Slosh forces in tank coordinstes are represented by set A-Lkl. Slosh
wess is computed in A-LE, A-L7 based on experimental deta given in A-L€a,
h=l7B, A firal transformetlon yields slosh forces SYKJ,‘SZKj (A-k0) in
Tody coordinates.

It 1s assumed (references 5, 6 and 7) that the ihstantaneous'propellant
mass CG remains fixed at the center of each sphericsl eascent tank but ver-

ies relative to the center of each non-spherlcal descent tank. Hernce, the
3

rass CG azd "rigid" mess CG (see'Figure 4). Component slosn and rigid
mass CG distarces are measured relative to the center of each descent
tenx along the X boly direction snd are tabulated in tetles A-L€a, L47a).
Tne composite CG of each descent tank is calculated in ezustions A-L8 for
subsequent use in the Weights and Balance Section (Section III-I).

It is recommended that sdditionzsl effort be expended to simplify thé
demping ratio computations. ufficient ILMS realisp may be achieved, for
example, by assuming a linear and/or constant damping ratio variation as
& function of liquid heignht for some "typical” wall slosh amplitudes.

e. Stage Separation Forces. Substantial separation forces exist whenever

the descent stage 1s separated from the ascent stage. A deteiled derlva-
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- tion of the separation forces are given in reference 9 and will not be

repeated ﬁerein. Instead,-a brief description of the logic flow is pre~
sented. 7 '

Staging forces are considered -aé a perturbation to the total thrust
and are activated at the instant of ascent eﬁginé‘ ignition. Staeging

forces have a charactefistic sha‘pe shown in the accompanying sketch (see

A-60, 61):
.- SI ,
ss |
l
- Atr‘—"—"
- aty, -

4
t—=1 ~ TIME MEASURED FROM ASCENT ENGINE IGNITION

At ascent engine igrition, the stage separation force increases lin-

early to & maxirum value. The thrust decay characteristic is represented
by & third order polynomial that has a zero value at A t2 » All stage
- - N - i

separztion coefficients and timing events dépend on whether an abort, with
partial (i = PP) or full (i = FP) tank pressure, or a lunar lift-off
(i = 10) is teirg performed (A-61).

£, Jet Damping Forces. Jet damping forces are introduced during main en-

gine burning wherever the LEM rotates about the transverse YB or ZB body
axes. It is assumed that the exhaust gases leave the nozzle with later-
al velocity component; equivalent to qBa(NKahd rBO(“K’ where D(“K is
the distance measured from the vehicle CG to the nozzle exit. The rate

of change of linear momentum of the exhaust gases induce a force which

opposes vehicle rotation. If rotational coupling and nozzle asymmetry

are neglected then the first order damping forces can be approximated by G
~ (A-T0). .
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Jet forces aré small compared to an RCS thruster capability of 100
. % boﬁrids. Conservative values for mass flcw rate, body angular rate and
ZZNK are } slug/sec., 10 deg/sec. and 10 feet, respectively. Substituting
these data into A-TO glves darpping forces less than 2 pounds. Thus, Jet
damping forces can be safely neglected.
g. Non-Grevity Force Summation. All external, non- gravitational forces are
surmed in A-81 and transfcrmedrfrom body axes_coordinates to inértial M;
Frame coordinates in block A-80 for difect use in the equations of motion
(A=10).
5. ConclusiOns.
a. The LEM equations of motion are defined with respect to the M-Frame
and include 1unar triaxia1ity perturbations oniy. This set will be used
during independent or integrated LMS lunar mission phases.
‘_ b. Jet damping forces are deleted.
Ui

2. The third order polynomial thrust separation decay-characteristic will
Te represented b; g linear decay characteristic. Mo loss inrrealism re-
sults.

4. The damping ratic loop, required to compute the slosh forces, (A-19),
will bve represented by e tsbular function depending on the height bf
fluid in each terk. It 1sirecommendedlthat further simplifications be

sought for IMS implementation. , ) :

.o
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B. LEM-CEM Relative Equgtions of Motion and CEM Trajectory Computatiqns.

1. Purpose. The purpose of Set B is to formulate IMS motlon equations that

simplify computer mechanization and retain trajectory precision consistant

with overall IMS mission dictates. In particular, it is desired to:

2.

a. Provide CSﬂ state variables during independént IMS operation'(no inter-
face with f'SCC br AMS).
b. Accurately'describe relative motion coordinates of tﬁé IEM with respect
to the CSM during lunar rendeévoué and sépération phases.
c¢. Accurately descfibe relative motion coordinates of the LEM with respect !
to the CSM during ali’Eafth operation phases.

Justification for selecting a two-body CSM orbit as a rgference fof
meeting many of these requifeﬁents while reglecting most ﬁerturbations fdlo:,

CSM Eguation of Motion Considérations.

a. General. During independent LMS operation the coordinates of the CE8M
must be known in order to pfovide inputs to the visual displays, the LEM
Rendezvous Radar Math Model and the LGC steéring equations. It is proposed
vto generate CSM coordinates based on two-body, Kepler motion. This ap=~
proach seems reasonable because: “
i. A ground_rule has been established that the CSM will not thrustlduring
indepéndent operation (references 1 and 10),'
ii. Twoebody CSM solutions are required to simulate the LEM Guidance Com-
puter (LGC) - CSM state vector computation (see sheéts N, 0, P, refs.
13, k).
Suppose a two body CSM solution was not employed. On this basis the
IMS must effectively perform an AMS:function. Tﬁis would require a sharp
increase in IMS computer storage‘to nuﬁerically integrate the CSM trajec;

tory including lunar perturbations during the lunar phase (A-10), and
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Earth perturbation3 dgringtheEarth mission phase {See Section III1-3-32) The
additional'computer cost and complexity is not co;mensurate with the gain
in trajectory preclsion, over and‘abOVe the two body solution, for the
followihg reasons: | |
1. Precision CSM trajectories will alvays be availeble during all phases
of the LMS-AMS LMS-N“CC or IMS-AMS -MSCC integrated operation.
ii.'During lupar descent to touchdown, or even ‘ascent to terminal rendez-
vous initiation, small errors in the CSM position from what the CEM
position would have teen had all pertufbations been included, would
be imperceptible to the pilot and inconseqﬁegtial to the training
missior. This statement is made becaﬁse only as the relative distance
approachres zero is it essentisl that the position ef the CSM relative
o the ZELIbe known with great precision. But, it is for this very
rezsor =hat relative coordinates are employed.
iii. For Eerzh missions, positional accuracy of the CSM and LEM re*avlve
<o inertisl space is comnromised; hoVeQer, the positional‘acctracy
f <he CSM relstive to the LEM wiil not be compromised provided mis-
sion time and relative distances remein small.

Consider <he implication of gll relevant Earth perturbatiohs or ’*e LEM
orvit durirg the irdependert mode. Admlttealy, inertial errors must accrue
if 2 two boiy CSM solution is adrered to. FHowever, it must also te real-
ized that the iEM ras no re-entry cepability. Accordingly, safety sonsid-
erssiors woull dictate that during Earth training exercises, the reative
excursions te<ween the LEM and CSM be censtrainedtb some meximum value, Thus,

th regari to equation synthesizetion, any'perturbetive influence on the .
CSM ortit will not sabstan*ially i nfluence the coordinate representation

of the IEM with respect to the CSM since the LEM equations of motion are
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described with respect to the CSM (B;lo). Instead, as mentioned previously)
CSM perturbative influences will be reflected in the LEM coordinastes with
respect to the Earth centered inertial orrEarth fixed coo:dinate system;
In terms of math modeling this means that the communication equafions'
(H-30) and the visual display ME? equations (J-LO) wili be sligﬁtly in
error. Should this be deemed important, then system operation can always
be checked ﬁy ihtegrated IMS-AMS or IMS-MSCC or IMS-AMS-MSCC operation.

- b CSM Pirst Order Oblateness and Aerqdynamics'Pgrturbation'Considerations.

.'The two-body solution does not reflect the influence of oblateness and
aerodynanmic forces'acting on the CSM orbit. Obiateness pe;turbations can
cause significant secular nodal ana possibly perigee excursions relative
to an inertial frame over a one day period (on the order of 5 deg/dey for
g close earth satellite launched within Cape Kennedy azimuth cpnstréints).
The consequegge of the nodalhdrift is & shift in the subsatellite point
with respect to ground tracking stetions.

Aerodynamic drag alters all six elements of the CSM orbit; however, the
the significant perturbatlons are a‘secuiar decrease in semi-major axis
and circﬁlarization of the orbit. A'few simple calculations will place

the amerodynamic perturbations in the proper perspective. Assume a con-
' W
CdS ‘
cular CSM orbits whose altitudes are 100, 200, and 300.n.m. After each

" servative CSM ballistic coefficient ( } equal to éOO 1bs/ft2 and cir-
Earth circult the constant aerodyﬁamic drag acceleration will reduce the
CSM altitule by 0.3 n.m., 8x10'%x.m.”e;nd 8x10-1;'1.m. respectively (refererce 11). IY
is félt that errors of this magnitude can be tolerated over a time period
of 1% hours wi£hout imposing any restrictidns on thé prime mission objec-
tive, namely astronaut training. |

. Three techniques may be employed to account for first order oblateness
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and serodynamic perturbations for independent IMS operations. These are:
B i. Technique 1 - Exact integration of the equations of motion.

ii. Techniqﬁe 2 - A simplified CSM solution with perturbative influences.

iii. Technique 3 - A two-body csM soiution with no up daté. Approximate
communication and MEP phese relations between the Earth and the LEM
can be achieved by &ltering the Earth's rotation rate5

Techniques 2 and 3 require that LEM motion'be synthesizedrrelative to the

CSM. - Bach technique is sub;equently.discussed-

3. Tecknigue 1 = Exect CEM Ecgustions of Motion. Cbviously, triexiality, oblate-

rness and serofynamic perturbations csn te computed by the direct integretion
of the CSM and LEM equations of motion during independent LIS operations. For
the sake of compléteness, these equations are given:

"H— Py + Pn/v +Ay V=Loal G

J =M OoR
hJV ’ n=™M E

VPCtOFE;)Qdenotea cither the Moon's triaxiality accelerstion (A-20) or the

Fh/ v

Farth's ron=~central gravizationsl acceleration. The latter is derited from

tre grziiant of the potential funection ( v)- Considering orly zonal hermon=-

=

izs, PE/V is:
3%, 4 . @b & . 28 ¢ "
E/V V@ axE/V LE + aYg/V J * BZ Ke (b )

Vehicle aerodynamic accelerations A (C = constant) are:

I i F(hv) VR/V CDV Sy 1&1 V | -
A= Vil (303
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equations b-1 would be somewhat analogous to building an AMS compﬁter within

"~ glso felt that ﬁthin'the constraint of realistic astronaut training there

B
Where the velocity of the CSM or LEM relative to a rotating atmosphere is:
Vew ey = We X Faw - ( |
Equations b~1 require the use of a sophisticated numerical integration
scheme in order to insure that integration errors do not exceed the pertur-
bation accelerations. It is felt that the use of such a scheme would require

more computer storage and longer solution times than would the implementa’t'ion

of the first order perturbation equations. In essence, meéhanization of
the IMS computer for use during independent LEM operations. Moreover, it is

is no need to include any jaerturbations on the CSM two-body trajectory, since,
as implied earlier, these perturbations will have a second order effect on
the ILEM-CSM relative distance.

L. Technique 2 = A Bimplified CSM Solution With Perturbation Influences.

a; Earth Orvlateness (CSM Orbit). The principal effect of Earth oblatehesrs

is to alter the mean motion, cause a secular nodal regression, and a peri-

gee advance given by the following expressions (reference 1k):

| — Jz F\ - 't Nodal Regression
AQ = —=F——0= COS L
(2 (-€)]
Je N (2_,_53' 2. t. Perigee
AW = T a N L,) Advance (b“a
[Bo-a) * )

Motion

2. '
S v S
Re'' | |
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B

Subscript o denotes initial or rectified values of the osculating CSM
orbit. long and short period variations in the six orblital elements are
neglected.

b. Aerodynamic Perturbatioﬁs_ (CsM Ortit). Secular excursions result in all

-orbit elements due to serodynsamic perturbations. Nodal and ihclination

'

secular changes are caused by the rotating atmosphere. These terms as well}
as 4() are small for & large variety of "typical missions" (reference 15)
and will be neglected. Based on a non-rotating atmosphere, the ‘seculér

perturbation in semi-major axis and eccentricity are (reference 1€):

:
sz, = - S [ ptal [Ureces e

A

(b-4)

: £
5 (B 2, _pay| 1 +ECoCOSE
A€, = - e mc-L ( (_h‘) 4 (1 e°)[l-eoc,osg£] C‘E

Perturbationsd4 a::iAeAcan te found ty integrating equations (b-L) over
A : ] )
a compiete or pertiel revolution (Simpsor's rule is sufficient).

c. 0S¥ Orbital Elements. 1Ir order *o define the osculating orbit, it is

Tirst recessary to compute the initiel CSM orti< elements. At problem

iritialization the CElf ortit elements can be found in terms of rE/C and

. ‘ : o}

rE/” . Semi-mzjor sxis and eccentricity are given by the visviva and
\.;O .

angular momentum equstions:

] rE/C,, (B A 3)

MR b - )
e =[1- 2] | B )

.
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Orbit inclination is defined as the argle between the mean Earth spin

e
axis (2£= Q) and the CS& angular momentum vector:
N - . . - o
. : KeHegg Hyx (b-
CoS(, = —=— = —2HL ( 6)
IHerol Hew
0%, £

let the acending node direction te glven as:

N= KxHee

Tren, the longitude of the ascerding rode is:

N - j‘ Hxex 7 , (h;:i) o
Tt o~ R

tanQ, = = iy

ilflerernce tetweern the grgument

Firelly, the argument of pefigee is <re 2i22er rer.ce te
of latizude and the true anomaly: : _ ] 7
We = Uy =6, . (5-8)
wrere: ,
= (Heg xN) - Pevce (b-9
Hee [N * Peye ]

tank = 1 tan 3 - (bo)

tan u,

v

\ Zeftepnd g - =
; 1s Zelizes &7 rrotlen s

Tre eccentric enomaly at epoch (Eo

{2-25) or efter each rectification intervel.
Tne ins:antaneous orbit elemente zre Zlver Ty eguizticn -5 <hrcugh bl
a = Q, + 1323A
e = ‘639 + A&,
A=+ a0 ()
w= W, + AW
i; = i'a-
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" w.ere,the eccentric anomaly E can be defired in terms of the perturbed

¥
i

L
1

|

= =~ st o - o e

The first order osculsting orbit elements given above are. used to ap-

proximate the CSM state vector in Inertisl coordinates.

d. CSM State Vector Computations. Consider a fixed inertial axes (E-Frame)
X, ¥, Z and an orbital axis X, ¥- ILet x denote the perigee direction and
let y lie inthe oscﬁléting ortit plane inthe latus rectum difection- If
the orbit 1s cirdular, then direct gc\ alorg tpe ascerding node, 1f the or-
bit is circular equétoriél, then direct gc\ along g O:;‘ient‘axes X, y with
respect to axes X, Y, Z by the standard angle rotatior_s,ﬂ, i and () .
Tr.en, any vector described in the XYZ set will have /)\{ ard {y\ projections
given by:
* - Q¥sunw sm.(lcost]f(
x = [COSLO COoS _ A
+[cosw sinN+ sin W cosfcosi]Y

A

Fenwsint 2

(b-12)

4 :-[sma)cosn+cosousmncos'n]>’<\ | (5;13)
'—[srnwsmn-coswcosﬂcosq?

+coswW sINL 2

The €34 radlus can te defined in terms of the eccentric anomaly erd

: A A ' ,
projected on the X and ¥ a¥es. This gives:

_ _ a A _
Fepe = Q [(Cos E~-e)X + SInEJI-¢€? H] (b-14)
mean mySicn end eccartricity. Substitution of (©-12) and (b-13) into

-:l S &an ¢ r i1 i I '
(t-ik) gives an approximate specificvatlon of XE/C’ YE/C and ZE/C at time
t. ' ‘

Differentiation of (b-1k)yields the required velocity components:

M A A~ :

Fp = a[-sine% +i-e¥CosEY]E (b-19)

where: - . -
] . N

E_Z T-€CesSE
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A more sophisticated representation of the CSM state vector, which include

second order effects, can be found in the literature.

5. Technique 3 - Recommended Two-Body CSM Equations of Motion With Alteration

of Earth Rotation Rate.

a. CSM Two-Body Equétion of Motion. During integrated operation the AMS or

MSCC will generate the CSM state vector interface with block B-20. When-
ever the LMS operates independently, however, it is proposed‘to generate

the CSM state vector based on & spherical syrmmetric force field:

u | |
Fivc = ]5352 Fre ~ o (b '6)

The solutioﬁ for central force motion can'bé written in terms of four
scalar parameters (reference 12):
»
Toie = F The, + 3 Toe, ‘
: (B-20)
K | J— : i& '
Fe =  Prve, ¥ 9 T, ' O
Scalar parameters f, g, £, g, (B-26) depend on the instantaneous orbdit
radius, appropfiate orbit constants and the diffefence in eccentric arow-
aly (E-Eo) measured from epoch (problem start t = 0). The delte ccceniric
anomaly (E-EO) is computed from Kepler's =squation, using a Newton=Raphscn
iteration techﬁique, at any desired interval of time t measured Irom prot-
lem start {see B-25). Thus, CSM motion is known once CSM initial condi-
tions ;n/C s }g/co are specified., Subsidiary calculations arg perforzed
to define the initial CSM radius, radius rate, velocity and angular rozen-
tum components for use in other subset equations. ,
Equations B-20, in the form shown, will be used as inputs to the EGC_

during the ascent-to-terminal rendezvous maneuver (see reference 13, h;,

sheets N, 0, P).

b. Alteration of Earth Rotation Rate. Technique 3 assumes that duripg‘the ‘E’
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" rot occupy & position it should occupy if & true ephemeris were gensrated.

. LE{ Pelz*tive Eguations of Motion.

Furtherrore, additional errors would accrue during independeﬁt IMS opera-

- e

irdependent mode an accurate representation of LEM motion relative to the
CSM is essential; but the LEM-CSM motion with respect to both geograﬁhic
coordinates and inertial coordinates can be comproﬁised. Thus, it is pro-
posed to retain the CSM mean motion at its constant two-body value but
aiter the rotation rate of the Earth to arfificially compensate for the
nodal shift due to thé difference between Keﬁler ﬁotionrand perturbed

motion. Obviously this technigue introduces an error because the CS¥ will

This has no rrofound implication on astronaut training but it definitely
rzs a profourd implication on computer size. Tne instructor, the stbsys-
tems, and the visual displays interpret the two-body trajectory as a true
trejectory and issue commands accordingly. Trajectories influenqed ty all
perturbations will always be availabtle during the integrated mode.
Tectnique 2 demands no change to the gquations given on Sheet B. .In-

stzad, vhenever & transformation from the inertial E-Frame to the geo-

-

raghic 3-Frane is required, the effective Zarth rotation rate could be

Ck)é = LL)E_ + .f)
whare: I F (b"l7>
N o= - 2N cosi,
S OG>

~

a. Jeneral, As the relative LEM-CSM distance diminishes, relative motion

W

zoareey canrot be achie#ed by differencing LR inertial M-Frame cocrdin-
atss (A-11, A-12) from AMS or MSCC generated CSM inertial M-Frame coordin-

te3, Precicion must be lost due to numerical round-off and integration

o]

errors implicit in differencing two large numbers of equal magnitude.
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tion since —M/L includes triaxiality (A-10) whereas M/c (B-20) does not.
Thus, tﬁe primary motivation for introducing a LEM relative coordinate
system is to obtain an accurate representation of LEM motion relative to
the CSM during lunar separation, ierminal rendezvous, and docking manéuvers
without resorting to double mission techniques. Relative motion equations
are -also extended to all Earth mission phases, since during Earth opera-
tions, it is of prime importance to determine the LEM position with respect
to an Farth-fixed frame. This technique results in equation simplifica-

tions.

b. Relative Refefence Frames. The origin of relative coordinates is se=~-

lected at the CSM center of mass. This choice is based on the consideration
that during integrated operation (IMS, MSCC and AMS), the CSM coordinates
supplied by the AMS will reflect triaxiality or oblateness apd éerodynamic‘
effects. Hence, the perturtative accelerations on the moving origin lo-
cated at the CSM will automatically be included in the motion simulation.
Two reference frames are particularly desireable to describe the LEM

relativé equations of motion.  These are a rotating local horiion, local
vertical H-Frame, or an accelerated but non-rotating M or E-Frame (see
Figure 5). With regard to LMS mechanization, a study was conducted to
ascertain which frame:

i, Simplifies LMS-AMS interface requirements

ii. Minimizes computer storage requirements
jii. Provides an accurate motion simulafion
Results of this study (reference 17) imply that:

i. The accuraéy requirement§ should be‘cbmparable‘regardless of which

coofdinate system is programmed.

ii. Additional AMS interface data are required for H-Frame mechanization.
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jii. Computer storage requirements are rediced if relative M or E~-Frame
rather than relative H-Frame equations are mechanized.
Accordingly, a relative n-frame {n = ¥ or %) will be employed to define

LEM relative motion equations.

Consider a non-rotating coordirate “raze located at the origin of the

CSM mess center (Figure 5). Note trat:

e = Fre *

~ol

(b-18)

—ol.

Panw = Prve +

P = Trect

ol

With respect to the non-rotating n-Trazs (see t-l):

e e, B )R

Substituting (b-12) into {%-13) givs:s

equations:
/'C:)L n [ - r, 3 = relazive cenirel force
A n/L I cre-Tetionel scceleration
3 + l - ( ) n/c gYEV_TELION geeseratlol
N n/L ﬁ { Tna '
P ’,5 relesive external
+ (._’?.) - (_'.") sccelergzion
My \imjc
- - (b-20)
+ ( - ) relszive serodyneazic.
AL »AC scceleretion
~ ﬁ ) : reletive triexielity or
+ (pn/'l_i n/c) . ~ obleteress perturbetion
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Reference 17 concludes that, during the IMS training mission, the relative
triaxiality and oblateness accelerations (ﬁn/L' 55/0) are small and can
be neglected.

Inherent in numerically_intégrating equétion (b-20) is fhé loss of sig-
nificant figures in the bracketed gravitatidnal term. This arises because
the radius from the central body to the LEM and to the CSM are almost iden-
tical.- Numerical significance can be preserved,vhowever, by redefiping

(f'na./rn 3—' as follows (reference 12): Let:
'n/c

£(P)= (P& N | (b-21)

where:

T /e

[f— - 2C0S%
, , (B-13)
6 ch+Pin+Fg Zrx |
P M

COSXK =

Then, by cdmbining (b-21) and (B-13), S—(P) takes the form:
£(P) = (1tP)t - B
The numerical difficulty can bte resolyed by either expanding equation
(b-22) in an infinite series in terms of P, or by rewriting equation (b-22)

in a more suitable form. The latter +tack 'is taken:

_ (+pP)® -1
‘HP) - (H—P)i +
| P2+3P+3
f(P) [ T+ (TPE) (B-14)

Note that equation (B-1l4) does not depend upon the difference between
numbers of equal magnitude, The final form of the relative motion M or

E-Frame eguations can now be obtained:
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Let two spheres of radii Dl

Wnerever the LEM lies within the

Jor.sider the lunar mission.

CSM as origin.

irrer itrzre, r=lative motibn equétions will be used to define the trajec-
Tory. orverszly, LI rotion cutside the outer sphere is described oy
i:er‘.iél ezustions A£-10. As the LEM crosses eitrer boundary f_sz Dl’ D, ,
switon Zzzic mazt Tz ineludad to ém*ifch from ore set of eguations to the

lrterruziing & computer run., Autozstic re-iritialization

23 reeiilv eotimplistzd ty using equetions (T-15). Nete that CM
— - -
A i v 3 w T - ras +
- LTIrE M/ic =2 M/¢ are alweys krcown. Conseaqgien ntly, as ]0‘_5
iiorizzazooniogaiizfizs ﬁ_séD, ther egustions 3-1C can be initiélized:
F = Tuw - Fure
[J . » * .
© F = FuL - Frec (B-02)
N L/ - -
LI (9 Increzzss, Uil /0 2D is satisfied, +hin eguaticns A-10
LS : Ls 2
—— — —— -
me = Tuwe + £
- > ﬁ (B-02)
r-H/L - rM/c +
Twn o dlzmanzzs 2. 2n1 ., ars irputtzd in corizr tc elimingte any
Tizzitilizy I nuinting Tiiwsen relzmiive and irertiel LEYM eguaticns. .
T7 Iz frIziisd ot elways employ reletive moticn equations
iring Tarmin o Treising =xzrelses and thersfors switch logle is
7. Tz_ewive seriivreanic Accelerstions
2. =rzrzl - Tzlaiive asrodynamic perturbations between the
Terioles 3iministes &3 the relative distance closes. These
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perturbations are meaningful only if the vehicles are separated by a

large distance for an extendea time duration. Once again a simple numerical
example will be instructive. Let the ballistic coefficients for the CSM
and LEM be 200 and 100 lbs/fte. Consider an extreme case where the CSM
altitude is 100 n. mi. and the LEM is at an altitude of 200 n. mi. or
greater. A relative aerodypamic acceleration of 5 x 10'5 ft/sec2 is
estimated for this configuration. This value is orders of magnitude
smaller than the acceleration availablé from 1EM's translational attitude
Jets and therefore should have no influénce onApilot technique,'system>
opergtion, or'thé AV budget during Earth tralning rendezvous méneuvei's_.
‘It ié recommended thet relative aerodyﬁamic pertﬁrbations 5e deletéd |
during independent IMS_pperation, but included during integrateerMS
operation,‘ The Jjustification for including»relative aefodynamicé is>

that the AMS alfeady contains the CSM aerodynamic forces and these

forces can readily be interfaced Qith equafions (B-10).

b. LEM Aerodynamics - A simplified serodynamic model is proposed.

This model rmust be consistant with the AME =erodynamics otherwise interu
face errors will result. The LEM drag ccefficient is assumed constant.
All other eercdynamic forces are neglected. Moreover, diurnal, seasonal
and solar activity effects on density variatigns are also neglected.
Thus, the LEM drag acceleration for insertion into equations (B-10),

during the integrated mode, is given és

A = 3 f’(hn.) VR/LCu._S _y& (3_30"31).
L {Vral '

Vector Vﬁ/ represents the. relative velocity of the LEM vehicle with

respect to a rotaeting earth atmoaphere'
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R/IL V:n_, -
—_ ' A
wg wE K-

The density variatioﬁ ! fi_ 5 with_altitﬁie (}u_) is approximated by a
serles of‘experimental\éurve fits {B-2L), Altitude above a spheroioa1
Farth ‘re?erence 18) is represented by equation {B-33). 1The second order
flattening térm can be negiected since it has & meximum valuenof approx;
ihatély 90 feet and consequen-*, is triviel with respect toidensity
calculations. C8M asrodynamic aPCelc gtions required in equations (B;lO)

mast te supplied by the AMS during intsgr t d operations.

8. Conclusions And Recommendaticns

&. During integretsd IMS cperaticns.computer storage reguirerents

can be minirized and doutle precisicn Trotliens cen vessitly b; avoid=s by
i li Deseribing IEM motion relsiive tc the CSM by a relative
M-Trame cocrdinats system locatzd at the C2I center of
mass for lunar miséi:n cperaticons whenever the 1ine-cf~si~ht
distence is less thaen spe "x*”a+c« sre to four ;;gtica;
miles.

2. Teseriving LEM mcticn relsiive to the C3M br a relative
E-freme cocriirnats system located et the CSM center of
wass for all Eartr ortit rmissions. -

%, YWever computing reletive lunar-friaxiality"perﬁurbations.

b, Héver computing Egrth obleteness pefturbatioﬁg.

5. Computing LEM aerodynémicé tased on & con§tant drag

coefficient and stendard density tables, CSM aero-

dynamics will be supplied by the AMS,
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b. During independent IMS operations,a loss in trajectéry

fidelity will be accepted.To summarize, this loss in fidelity:

1.

ii.

Does not affect the LEM state variables with respect
to the M-frame whenever equations (A-10) are a¢tivated.

Does not affect LEM motion relastive to the CSM whenever

relative equationsB-10 are activated except through the.

relative perturbations which are trivial on & short
term basis and trivial based on the IMS mission

objective - astronapt training.

Conversely, this loss in fidelity:

i,

ii.

Does affect the CSM poéitiohrfelative to the M-frame
whenever equetions A-10 are activated. Since ‘the CSM
cannot thrust, the initial CSM state vector can alwayé
be adjusted to compensate, on a short term basis, for
secular differences between Kepler motion (B-20) and
n-body motion.

Doces affect the inertial positibn of the LEM and the

CSM with respect to the M-frame or E-frame whenever

.relative moticon equations (B-10) are activated. This

is of no consequence during lunar training exercises.
During Earth training exercises; this means thaf the
local Earth terrain (MEP) as seen by the astronaut
would vary slightly-ffom vhat the astronaut would

see if he were actually in orbit.
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Based on the foregoing, it is concluded that, é‘qring

independent IMS operation:

1. The CSM trajectory be computed using Kepler motion.
¢ 2. Relative aerodynamic perturbations be deleted.
3. The rotation rate of the earth be altered tc compensate

- for CSM ncdal regression.
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C. IEM Rotational Equations of Motion

1. Purpose. - The purpose of Set "C" equations is to accurately represent
the rotational dynamics of the LEM vehicle during all IMS mission phases.

2. Rotg.t_:l.ronal._Eguajtiog_s_. The standard, rigid-body, rotational equé.tions of

motion are givén by equations C-10. These equations are writt_en with
respect to a non-principal, body axis system located at the instantaneous
C.G. Body axes XB’ Y, ZB are oriented parallel to the symmetry axes as
shown in Figures 3 and 4. The more important time derivative moment of
momentum terms, representing fluid particle motions (fuel slosh) and pa.rticles
being transferred out of the system (damping), are cambined into the moment
components LB MB and N Instantanecus moments and products of inertis
are generated in Subsection ITI-I, titled, Weights and Bala.nce.r Product of
inertia terms ere retained to account for non-symmetric loading conciitions
resulting, for example, fram a fuel or oxidizer leak or Tump malfunction.
Equations C-11 are the first ‘integrals of equations C-10 and represent

Inertial angular rates Pgs Ggs T

B gbout the vehicle XB" YB’ and Z’B directions,

respectively.

3. External Torques.

a. RCS Torques. Equations (Cc-51) define the RCS torques with respect to a
fixed reference point. This point lies in the RCS plane of sym:netry' at
distences 1,, and 12 measured from the inner and outer thruster arms (see
Figmre 3). Moments sbout the fixed reference point are subsequently
transferred to the vehicle CG (C-50), which is displaced from the reference
point by component dista.ncesT O(R \ GR \ Kg along symmetry directions X.B

BJ
directly about the CG, results in alggaraéc simplification.

Y. ZB Transferring the moments, rather than computing the moments

R - Ty SR SO & . ‘. i
T Bars in this instence ‘do not represent vectors but component distances
measured from the instantaneous CG.

FOMA G328 REV 3 B-44 ' - rerORT  LED-500-5
’ ‘ DATE 22 April 1965

GIUMMAN AilCIAPT ENGINEEIING CORPORATION ~
) - CODE 26512 :




\./’ e

ract 35

b. Main Engine Torques. Thrust components resulting from descent engine

gimbal nozzle actlon or ascent engine misalignment have been ascertained
(A-30).  The moment arm from the nozzle throet to the vehicle CG is

computed by subset equation I-30:

- = o oA
— A
CIK =0y g * Bx xKe (e-1)
Hence, the total moment about the CG is:
My = cJK X By , (c-30)

c. Piel Slosh Toraues. The yerturbative ascent slosh force acts at the

geonetric center of the empiy srvherical fuel and oxidizer tanks (reference
8). Consequently, ascent slosh moments induced (C-%0) are defined by
the perturbative slosh forces (£-40) and their correspording distances
O(A.‘) ) é‘j ) UAJ , measured from the empty gscent tank centroid to the
composite vehicle CG. This ices not arply to the descent tank slosh
perturbations.r Instead, the pendulum support, t}}at characterizes the
originrof descent slosh perturtziions, varies along the longitudinal tank
symmetry axis by a distence AO(S:S (&=-L7, seé Figure L) measured from
the tank centroid. Accordingly, descent slosh torcues Zepend on distances
_ / (= O(*;!‘ Ao/ O(CQ CD and D/DJ which are computed by equations
(1- 20) and (I-30). rarameter AO(san vary by approximately .5 feet |
Any simplification made to the slosh forces (Subsection IIT -"A - Ld)
will be reflected in the slosh moments.

d. Jet Damping Torques

I. Jet Torgue Copntributions. Jet damping torques are induced by the -

rate of which mass pa.rticles leaving the vehicle are transferring

moment of momentum to the vehicle Two Pactors contriou‘ce to the Jet
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torques during the powered descent and ascent maneuvers. First, jet
torques about the instantaneous vehicle CG are generated by Jet forces
(A-70). Moment srm components which reflect lateral vehicle CG moﬁ:ion
relative to the exhaust nozzle <€NK ) ?“K are small and neglected.

Thus, the first jet torque contribution is represented as:

LIDK = ENK D‘?K - XNKDYK =0

' - - o2 (c-2)
MDK - ,—OCNKD,E" = %Bm xNK

7 — _ e
NDK = OCNK.DYK ==Tp MOy,

The second damping contribution.resulfts from the time rate of change
of fuel or oxidizer ilnertia relative to the vehicle CG. This is ‘
equivalent to the rate of change of fuel or oxidilzer CG relative to
each tank CG plus & transfer term from the tank CG to the vehicle
CG. Prior to expending these terms, previous assumptions are re-
iterated:

i. The local CG of the ascent propellants is invariant regardless

of propellant mass left in the tank. |

ii. The locel CG of the non-spherical descent tank propellants vary
within small limits.

11i. Ieteral tank CG excursions are non-existent.

Within this ffamework s the rate of change of propellant inertis
relative tor the local CG of each tank is zero. Moreover, only
longitudinel excursions aré considered in defining the rate of change
of tank propellant inertia relative to the vehicle CG. let distances

B(A end o(b\ define the plane of the composite ascent tank CG's
. 1 ] .

| and descent tank CG's., Then, the inertia transfer terms are simply

(see references 19 and 20):
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/] - [ 2
M Dy ~ %B m O, |
" ¢ =2 : .
N”K = rB mOCK‘ o (C3)
Combining contributiors c-é and c¢-3 ylelds the desired r‘esul*b:‘
7 - - [ ] -3 - — D
MDK - %3 m (OCNK OCKl) : )
A * —2 L2 C-T0
Nox = = s M (0",

e. Order of Magnituie Check. Equation (C-T0) Zepends on the distance

parameter (&:K —R:‘\ which can vary tetween limits of approximately
50 to 75 £t° and 13 to 17 £° for the descent eni sscent phases,
respectively (see refevence 21)., Nominel mission profiles require
controlled body retes on-the order of 1 deg/sé:. Tregse data when
combined with a mess flow rate of 1 slug/sec. eni sutsitiiuted into
(C-70) give represeﬂtative damping moments thet vary tetween asprroxi-
mately .2 ft-lbs to 1.2 ft-lbs. Increasing the toly rates by an ordezj
of magnitﬁde,(lo° /sec) causes the moments to insresse by an order of
magnﬁiugie (12 £4-1vs). |
It is recommended thei Jjet ‘oorqﬁ:es be feletel sinc‘e:
1. Even for an extreme case the jet torgues exe rnegligible compared
to the RCS torgue capability of 2200 f{-1ts, |
ivi. Jet torque.é have no ir:luence on “re trinery mizsion objective -
astronaut training.

T . Engine Separation Torgues. An extensive investigetion is being

conducted to ascertain the stage separstion torgue perturbetions (refer-
ences 9 and 22). Present 1ndicat'iohs are thet tﬁese torques are large
end cannot be neglected. Furthermore, the moment arm relating the

position of force application to the vehicle CG is & time dependent
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variable. For this reason, the moment perturbations (C-60) are not

represented by a constant arm times the stage separation force (equatiohs
A-60). The moment time transient, however, has a shape similar to the
‘stage separation force profile. 7

Should future refined studies indicate a small moment arm veriation
with time, then sﬁtage separation torques cohld be computed using an

average, constent moment erm times the stage force (A-60).

g, Momentr Summation. All external IEM torques are surmed irnr subset (C-80)
for insertion into the rotational eéuatioﬁs of motion. |

During the integrated mode in the docked configuration, both the IMS
and AMS will sblve the rotational equations of motion. This requires
that the AMS provide CcSM external torques (C-81) relative to the IEM
body axes about the composite LEM-CSM center of mass. When docked, the ‘
IEM ,X\B e.xis is directed opposite -to the CSM’)\CE exis. Also, an arbitrary O
fixed roll angle (¢cs: @) may exist between the IEM and CSM ?B axes

(see sketch). Accordingly, CSM external tor;ues (LI;SM’ Mooy NCSM)’ »

2,
l
Ne

"L..;C | LEM

Mc
Y8
computed by the AMS relative to the CSM body axes are transforméd as e
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Regsort to an analytic deécription of a redundant four gimbal set is not
considered because of umwarranted complexity.

The direction cosine rate equations and the qu_e;ternion rate equations
do not exhibit any singulsrities. It remains, therefore, to detérmine
which of these two techniques are best suited for IMS mechanization. ”

b. Selection Criteria. An empirical study.(references 23, 24 and 25) wes

conducted on the TO9L digital computer to ascertain the relative advantage
between using either direction cosine or quatérnion rete equations to

define vehicle orientation angles for digital simulation. The relative

advantage of each technique was evaluated by comparing computer storage

requirements, solution speed and.Eulerrangle output accuracy for a
variety of numericel integration schemes and integration intervals.
Accuracy compaeriscons were made by matching digital outputs tp an
analytical Euler angle solution for coning motion. Study results
indicated that the quaternion rate equations were slightly superiér in
all categories. Hence, the quaternion rate equations, given below, will

be mechanized for simulation (reference 26):

. 3 (- CaPs - €3 ﬁ,-ezrs)
(’e3FB+ 64%B+€, rB) (c-20)
(eZ P5+ e.%B"equ)

©
I

(0
N

i
tol—

c. Buler Angle Matrix Operatbr. Phyéically, parameters ey represent-

trigonometric functions of three direction cosines and a rotetion angle.
The three direction cosines position a rotation axls sbout which the

rotation angle carries the rigid body from an arbitrary initial orienta-
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- values of e, must alsoc be defined. Initisl e, values are not known

tion to an arbitrary firal orientation'.r Sterting values for €y €5y eé,
and ) are required in order to initialize (C-20). In addition, the
inverse problem of specifying-a body axes orlentation, given 1nsféhtaneous
s i
directly since it is assumed that the LEM vehicle orientation will be
glven in terms of Euler argle> 8, Y and ¢ Thus, the correspondence
between ’che four parsmeter set and the Euler angle set must be ascer-
tained. Prior to defining this correspondence, it is first necessary .
to define the IEM Euler angles.

IEM Euler é.ngles are specified by a specific seguence of ordered
rotations which differ from ssandard aircreft usage. The transforma-
tion from the inertial axes (X » ¥, 2 ) 4o the body sexes (XB, T, ZB)
is given by the *0110u1““ ordered counterclockiise rotations:

i. Pitch (6) sbout the Y refersnce exis.
ii. Roll (QJ) about the new Z' a¥ls so formed.
1ii. Yew (£) etout skre rew X" exis so formed to give
XB’ YB’ ZB directions.

The foregoing rotetionz are represenizd in mairix form ss follows:
£

N ty, Fh

where: (p-L0)
9“ 9 V2 3 13
SLJn= SZI gzz gaa
33\ 33?. 333
and where: _ : B |
COS'Y co0Ss6 Sln’y -~ Cos \,’Sihe-
9ii = -Ccos¢ sin¥ Cosé cos¢ cosy  cosgsin¥sing
Y +S1hgsing - +SIng cose (c-4)
Sing SInYCOSe =sing cosy -SiNeSingsiny
| -coS ¢ Sine +cosp cOs® |
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It must be mentioned that Euler angles 6 , Y, ¢ described above are

not used to orient the astronaut's "8-ball" display. The "8-ball" dis-

play is activated by indicated Euler angles (& MU Y MU ¢IMU’ Sheet
L, references 13, 41). These indicated angles correspond to gimbal pick-
off resolvers and reflect the LEM body orientation with respect to the -

physical, onboard, platform.

&, Quaternion Initislization. It can be shown (references 26 and 27),

that for each real, three-dimensional, orthogonal transformetion matrix

(c-4) there is an associated two by two imaginary matrix thaf relates

the initial w-rehiéle orientation to the final vehicle oriéntation. The

complex matrix must; a) be unitary, thé product of the metrix and the O

transpose of its complex conjugate 1s unity, and b) have a determinant
= *L These conditions lead to the following oper-ator form:

é,"’LGZ 63+Le4

-@;+ 1€y e -Le; (e=3)

H =

Peal numbers e 4 ore the quaternions or Euler parameters.

Proof is given in reference 26 that the following similarity transfor-

mation;

/ =i

P =HI(P) (H)
: ‘ (c-6)
= X-LY
x+ly -2

setisfies all the requirements of a real orthogonal transformation
operator when X, Y, and Z are interpreted as vector components.
Substituting (c-5) into (c-6) and expanding gives: 0
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r}i = s..n Fil

related to the other three bty the equation:

e*+ & + &% +ed =|

Consider the first oriered rotation 6 sbout Y (=90 =0).

mist be a one to one corresponlence between matrix operator g _i

“n

—e2-€% + € = oSO
2(6,6, -€,8,) = 0

2(€,63 + €, €4 =‘smew'
2(€ e + 6%;6;)
e' ""’f?z +'623 ‘ei
2(ezesoee4)
2(€.64 - €,8) - -sine
Z(Gzea"’ é.94) = 0 ,
e + & - €5 - €5 = CoSe

used to maintain divection cosine orthonormality (reference 28).

(D-40)

. |
| €/ -6 -€3+6 (88 +65e)) 2(e,e-€ €y
Jij = | 2(&sem€e) er-cfret-6; 2(eqe+ee)

2(e,050:6) 2(eeree) e+ei-€3-6

Ohly three of the fourAq;aternions are independent. The fourth is

(c-7)

This dependency Torms t-e basis of & rectificetion scheme which is

There

. (e-b)
In

and matrix opereor g . (D-£0). “omyari”g elements of each matrix gives:

(c-8)
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Set (c-8) is setisfied if and only if:
ez = 64. =0 : (0’9)
vwhereupon elements {c-8) reduce to:

_gne _ .
€ = Zeing - cos §

e.! = Sln% ' (e-10)

But, it was indicated earlier that complex matrix H (c-5) representé a -

real rotation. Hence, substituting elements (c-9) and (c-10) into (c-5)

gives: ' ]
cos 2 sing

6 |Sthg  cosd | (c-11)

Repeating this procedure for the second ordered rotation (LP) and
the third ordered rotation (f) yields:

coslg + Lsmjak ' 0] - '
H'Y = ‘ (c-12)
. o Cos¥-isiny
cos$  ising
He = | . ¢
,¢ .,sm% cos & | (e-13)

The final vehicle orientation, resulting from 6, Lpa.nd # rotations, is

specified by rotation matrivces ¢-11, c-12, c-13:

e +ies  egriel _ (eo1t)
H= -@;+iey @,-LE; H¢ HyHe C

Expan¢ ing the right hand member of (c-14) and comparing each element to

the Iinft hand member gives the desired result:
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€ = Cos%cos%ws%-sm% sm¥ smg"

-w

G,
= cos% sm;:"CQé-smg’ cos® Sinz

(c-21)
d - -
€, = cos%cos-}smg”-ﬁ- siNz® sm-z’-" cos s
4
€4, = COS %—"smésmg—% smg" cos-;f‘ COS3’
Equétions (C-21) are used once during each run. They specify the qua-

ternions at probler start based on known initial values of the LEM Euler

angles with respect to the inertiel M or E-frame,

e. Irverse Protlem. Direction cosire matrix elements gi:._n(D-hO) are known
at each instent of tire. t is desired to determire the corresponding
Euler angles to use as drive inputs for girkzlled visusl displays (see
for exarple: J-10, J-Ll zrnd J-60). As mentioned earlicr each element of
(D-LO) must be idsnticsl to each elerert of (c-4). Witk regard to the

first ordered rotatiorn, @ , it is seen that:

_ =(-sin6cos¥) — Jis : )
= T C056COSY 9 (c-15)

tan 6
The riddle rotatior Y could be defined as:

SH’WP = lez _ R (cjlé)

~ tan?

- Sin¥ |
(cos¥cos6)Cas6 -(-Cos¥sihg)SING.

9
9 €08 € -9,,SIN6

(e-17)
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Similarly, the outer rotatfon angle could be given by:

-(-Sing cos¥) |
tanp = LoD = R e

or:

(sm¢ SIN6-C0SPCoSOSIMF)SIh e
4) _t+(ging cose + Cos@ SiNne SINY) Cos @
an (-cosPpsine +SINPcosS6SINYWISING
+( €059 CoSO-SINg SING SINY)COSO
_ 321 s1in6 +922Cc0sO
" g sing+dz3C0S6

Equations c-15, c-16 and c-18 have obvious advantages. However, as LV

(e-19)

approaches ig , ® and @ are undefined. This is not consistent with the

requirement of an "all attitude capability.”

"Gimbal lock" can be artificially circumvented by applying the follow-
ing logic to equations c-15, c-17 and c-19. As the middle rotation (LV)
approau:hés-Tar (say :gf: e'*), freeze © at its current value, but continue
to compute §. This technique will ensure that the sum @ + @ is correct
to order €¥. Realize that in the neighborhood of Y= ﬂ:%‘- , the inner
and outer rotation axes are nearly coincident, therefore, the sum
8 + @ is sufficient to specify a true vehicle space orientation. Gimbal
lock logle is not regquired ﬁhenevér lP leaves the neighborhood given by

JE £ €%, since algebraic equations c-15, c-17 and c-19 are self

sufficient.
5. Conclusi@g
| a. Retain product of inertia terms to account for non-symmetric loaeding

’conditions. _

| b. Referénce RCS torques with respect to a fixed reference point.
Subsequently, transform these torgques tro the instantaneous‘ vehicle

CG. This technique results in algebraic simplification.
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c. Simplifications made to slosh forces will be reflected in the' slosh
torque loop.

d. Delete jet damping torques. o

e. It is recommended that stage separation tdrques be computed from
separ’at'iron' forces based on a constant moment arm. If future studies
indicate that this 1s impractical then approximate the thlrd order
decay cbaracteristic by a linear decay bharacteristic.

f. Compute the vehicle-platform direction cosire matrix based on four
éuaternion rate equa;tioﬁs, rather than six direction cosine rate
equations. It appears that the quate---ions ha{re a slight advantage-

over direction cogine rate equétions with respect to digital storage

i capacity, solution speed and accuracy.

g. Incorporste "gimbal lock” logic in the visual display subsection %o
ensure an &ll sttitude display capabvility.
h. A rectification technique to force direction cosine orthonormality

is recomnerded (C-25, 26). Should £his %fecknique differ from that

already programmed for the AMS, then discard eguetions (C-29, end (C-2%5;

/0
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D. GENERAL TRANSFCORMATIONS

1. Purpose. = The purpose of Set D is to generate the more important
transformation reiationships used in the IMS Math Model. The transforma-

tion bpera‘l;ors derived in this sﬁbsection are listed below:

Matrix Trensforms any vector to the: thus:
Operator: - measured in the:
- 8y 3 lunar inertisl VM-frame Selenographic Tg= 8, i Ty
S~frame
e, . » inertial earth E-frame |True IMU T, =c¢ T
1Jg : reference R 1 jE,
R-freme ’
e, . inertial lunar True IMU Tp=c, . Ty
ig R id ~
M M-frame reference M
R-frame
g, . _ inertisel M or E - IEM body T,=g . T
13 ~ freme B-frame B 1§, =
£, inertial Earth rotating ?G =Ty ;_r'E
J : E-frame geographic J
G-frame
11, wirdow or telescope irertial T = 1“ ?M
Jn _ ortical pg-frame " {Farth-E cr n “p <%
Moon - M [lrame

2. Matrix Overator From Inertié.l M - Frame To Selenographic S - Frame. -

| During lunar missions it is essential to position the inertial platform,

_ define the trajectory and provide visual cues with sufficient realism
relative to known lunar le.ndmai‘ks. An accurate representation of the Moon's
motion is required to accomplish these tasks. ‘

Iet the selenographic IZ\.S axis 5e defined by th¢ Moon'’s rotation vector.
Neglecfing physical librations, axis IZ\.S makes a constant angle of 1532.1’

(Heyn's constant) with the ecliptic North Pole. Based on Cassini's laws
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operator is:

Tspean = 3xa Tp (p-13)

Combining equations D-13 through D-16 gives the transformation from the

- 1inertial M-frame (fixed at problem start) to a non-nutating, selenographic

S<frame:

= (am Agm Amn aﬂj) ':H ' ~ (a-1)

rsnzm

Equation (d-1) does not reflect the complex wobbling motion of the Mbon,
normally referred to as physical libration Physical libration represents
lunar oscilletions which have total amplitude variations constrained to
t.0L° and associated short and long period moéions of 1 and 6 years,
respectively. A first order description of this motion is given by the

Physical libration matrix presented below (references 29 and 30):

s = Lix s MEAN (z-11, 12)

The desired orientation of the selenographic axis relstive to the inertisl

M-frame is found by substituting (a-1) into (D-11, 12):

M = a;; My | (D-10)

The libration matrix and operator (D-16) have an insignificant varia-

tion during the course of any training session. Tt is ,therefore, recommended
that these matrix operators be computed at problem start and mair<ained
constant during any particular run.

3.

Matrix Operstor From True IMU R-Frame To Inertial E or M-Frame

a. Barth Mission. - At present, the desired IEM platform directions
required for earth training exercises are not known. It is arbtitrarily
assumed that the IEM platform will be referenced to the Earth launch

site at the time of launch. ILet this position be specified by a known

,
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s

Universal time measured in hours, H (E-01) from Greenwich Midnight to
problem start and integer days D* (E-Ol) from Greenwich Midnight
Dec. 31, of the launch year to Greenwich Midnight of the lsunch day.
These constants define the Gréenwich Hour Angle relative to the mean
equinox of date (see loops E-OL and E-10). The position of the launch

site at launch is:

RAe=GHA; + )\ | (p-21)

Parameter >‘E denofes the launch site longitude measured Eestward from
Greenwich. The assumed platform direction 1s space fixed and can now
be found by the following three ordered rotations:
i. Rotate about the mean spin saxis /Z\E through RAE.
iir. Rotate about the new QE' sxis so formed through the
launch site decliration®: (rositive North).
iii. Rotate about the rew ?E exls so formed through the intended
launch azlmuth engle LUE (reasured @os tive East of North),
to give assumed Eerth mission rlatform dirsctions XR’ YR, Z.R
The ordered rotations spezify the transformation:

€ g
b. Lurner Mission. = The dezsired

T, = C 3 (D-20)

lgtform orientetion for all lunsr

mission modes, is based on references 31 and 32. These references sisle

el
“that the XR platform exis will te directed from the Moon's center to the

inteﬂded landing site at some nominel landing time, or take-off site st
some nominal take-off tire. lMoreover, the ?R platform axis shall be
parallel to the CSM orbit plane inv the direction of motion. A precise
definition follows.

Consider a hypothetical mission. Assume CSM-IEM lurar injection has
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teken place and that the CSM platform is inertially aligned to the M-

frame (or E-frame). Subsequent to separation, both IEM and CSM platforms

must be aligned to new deslired reference directions, Thesé dii'ections
are specified by the desired lending site selenographic longitude ( )\
end latitude ( 43 ) as well as the desired nominal touchdown time, t*,
measured from problem start to touchdown. Time t* specifies the inertisl

position of the Moon, and hence the landing site, at the nominal time of

lending. This landing site position is fixed by:

1. First, computing skead to ascertein the Julian date T* (E-01),
end days from epoch d* (E-22) to touchdown.
ii. Second, ccmputiné the lure» end soler orbit elements based oh
future fimes T* and §* (E-20).
1ii. Thixd, using elemerts ( -20) to compute the transformation
trix a, * at times T* and a¥.,

<

Traensformetion metrix &y .* speciiies the inertial orientation of

1> Mocn 8t the rncminel tou:'iO' n oime t¥. The landing site unit vector

measured in =elenog:a*"i coordiinates is ¥mown:
’ﬁs = cosdgCosngly + cost Sm)\ s 75 (533)
-+ 3 h¢sﬂs :

A
Thus, the compznents cf E trensformed fo M-frame coordinates

correspond exactly to the compirenis of reference direction QR measured

. in the M-freme:

¥

Re“erence direction ZR 1s perellel to the CSM orbit plane (refer-
ences 31, 32). T':zis directiocn is formed by the cross product of the

- A
CSM specific anguler momentu= ( H”“C) and QR . Orbit determination
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- techniques will be employed to define the CSM orbit prior to the

separation maneuver; conseq_uen’cly, HM‘cis assumed known:

A

Hue = o bZiLM 22 jM + bnﬁ | (D-3§)

A
Whereupon reference direction ZR is:

R |Huex Xl

or:
2 = ¢,7 | N W
ZR =  C3im+ Cgq; ?M —+ -33 4 (D-30)
A ,
Orthogonali ty forces YR:
o) A T
Y;a= 2 X Xp - (D-30) .

Com'bining the :f‘or going gives the des i*el vrenzformation matrix?

rR CLJ rﬁ\ ) - o | (p-30)

Matrix Cij is stored In the jree co:;:;c.zter eni subsequently -used _
to align the physizal vlesform ('see Teet Q velererces 135 41),

The IEM Platform is reeligned pricr %o teke-off. Cnce again,
directions XR’ YR ani ZR eve founi, given the sa2len ""a;*‘“tn latitude
end longitude of the teke-off si*e anl a nomirnel ta:'e off time t*
measured from problem sters., Time t¥ 1is glven by the ellowable
launch window variation whrick in turn is defined during prelaunch

operations (see Sheet N references 13, L1).

L. Matrix Overstor From Irerzisl M or E-Freme to LEM Body B-Frame

The transformetion matrix g . (D-40) has been defined in Subsection
- dh . .

ITI-C-4. This matrix is used to position the visual displays:
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E = q,_.jnﬁ o o (D-ko)

5. Matrix Operator From I_nertial E - Frame to Geographic G - Frame

Subset equations (D-60) relste the Greenwich meridian to the E-frame
and are used to: - 7 7
1. Specify the line-of-sight commnication requirements between
the IEM veﬁicle and each Earth tzfacking stgtion.
ii. Position the missién ef'fectvs projector V(MEP) durj.ng Earth
training eﬁcercises. , ' ' |
The Earth's mean equator is defined by the XE - ,YE reference plane.
Consequently, a single rotation about the Ea;-th's mean spin axis (% = E\G)
1s sufficlent to position the priiné meridian relative to the E-frame.

7 6. Matrix O_perator From the IEM Body B-Frame to the Optical Window W-Frame

Or Telescope T-Frame

a. General. Lunar landmarks, the Earth, the CSM, and starrpositions are
observed by the astronauts through either two forward windows, an |
upper window or one of thrée telescope positions. Window and telescope
optical exes (2;q) sre shown schematically in Figure 7. Each optical
axis has a fixed direction relative to the body axes. For each viewing
mode, this direction extends from the flight station design eye to‘fhe
center of each fgspective viewing device. All visual displays are
positioned reletive to this line-of-sight direction. ‘Field of view

constraints are auvtomatically included in all visual displays.
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~the new Y

Window and telescope trensformetions are generalized by use of
dumy subscripts pq. Subscript p denotes the viewing device, either

window (p = W) or telescope (p T). Subseript q denotes the viewing

‘mode, either 1eft‘(q = 1), right (q = r) or above (q = a). The

generalized transformation metrix given below 1s based on ordered,

right hand rotations epecifiea by 1_.-:“ coz;stants ¢pq, epq, quq

(see J-01):

7 = (h), |

b. Window Transformatiorns. The left hani Window coordinate axes are

derived as follows. Displece the body exes from the vehicle CG to the
flight station desigﬁ eye. Rotate gboul XB through +¢W1'v Rotate atout

B! axis so formed through & rezative angle - QWI' This

positions the left windov. exis freme by Z. . Note that q)

Wl' W1l HO

A similar'proceiure ié reyeeted for the right window. A negative’
rotation -¢w is followed Ty & negative rotation -Gwr.

Cnly one rotation is regquired to spezify the ebove window optical
exes, namely, & positive rotetion sbtoub YB through eWa'

n, Telescope Transformations, The cexniexr or above telescope exes ere

given by é single rotation +9Ta sbous the‘YB exis. Three roﬁatiéns,
Lowever, are required %o specify the 1zt or right telescope axes
relative to the body gxes. Consider the left telescope. £xes XTl’
YTl’ ZVI are definei by & rositive rotestion ¢Tl ebout XB, followed
by +9Tl about YB y

formation 1s necessery to synthesize prism rotation whenever the

folloved ty - Y, sbout z];’ . The latter trans-

Alignment Optical Telescope 1s slewed. ZRight telescope ordered

rotations are -¢Tr’ Cp "P"'r
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b The optical axes cen be transformed directly into M or E-frame.

coordinates by employing known matrix operators D-TO and D-4O. Hence:

| - | Fh = (jq\ Tp{ ' | (p-80)
where: |

4y ' (he )
Gleg, (Ges)ning, ¥
Additional transformations, when required for particulasr subsystem

applications, will be discussed in the following report subsections.

7 T. Conclusipns

13 transforms M-frame coordinates to sélenograj:hic

coordinates and is initialized at problém start. Negligible errors will

a. Matrix operator =

accrue if the libretion matrix and luner orbit element L are held
! | : constant during thé course of & run. Element ..C).changes by epproximately
‘ | .053 deg/day. - ,

v 7 b. For Earth training exercises, the IEM platform is assumed fixed to 0
' the launch site at launch. Reference directions ;{\R and /Z\R are given

by the launch site vertical and azimuth heading direction, respectiveiy.
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E.

Ephemeris. - ]
1. Purpose. The purpose of Set E is to define the Moon and Sun positions
in mean Earth equator of date coordinates (E-frame), determine the Moon's

orbital elements, and generate the Greenmwich Hour Angle. ILunar and solar

.coordinates will be supplied by JPL Ephemeris Tapes (Reference 33).

2. Problem Start Initiali ation.

a., gigg. The JPL tapes are referenced to a 1950.0 epoch and require
Julian Date inpuié at p“obleﬁ ctart It is assumed that training
exerclses will be initialized by tme specification of Universal Time
measured in hours H, end days D¥ of the ‘launch year. Thus, these dats
mist be transformed to Julian Deys. This may require counting the
number of mean solar days from epoch Januery 1, hTi3 B.C. to prdblem
start. |

Consider a reference ep§ch of-1950.0 (midnight December 31, 19L9);
Excluding leep years the

numter of deys from this epoch to problem start
J

is 365 (Y - 1950) + D* +

Ieer year deys, during the time span

§4u4

(Y - 1950), dre determined ty the integer value of N, wheve:
N+AN = ,_.._i:i&is
OéAN<\
The total number of days from the reference epoch can now be founi:

(z-01)

_ A H o

d, =365(Y— 1950) + D¥+34+N =~ (z-o1)
Having defined d;,'Julian time measuved in terms of Julisn centuries
from epoch 1950.0 is simply:

= d

5645 25 (0-01),
This time 1s fixed st problem start and does not vary during the )

length of any training mission.
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Julian days, measured from January 1, 4713 B.C. to date, are given
by equation E-22. This number may be required as an input to the JPL
program.

b. Greenwich Hour Angle. The right ascension of the mean Sun, corrected

for aberration and referenced to the mean equinox of 1950.0 was obtained
from reference 16 and is given by subset equation E-10. The Sun ‘s
meridian at problem start is émployed té specify the tuﬁ-: varying
Greenwich meridian with respect to the fixed mean equinox of date (E-10).

3. Lunar-Solar Positional and Orbital Elements. The position coordinates -

of the Moon, ?E/M’ and Sun ?E/OV 5 vrelative to the mean equinox of date are
outputs of the JPL ephemeris progfam. Therefore, subset equations E-30 and
E-31 should not be programmed. _

Lunar orbital elements (_,O_J @) r"), and solar elements (€)9o ) were
obtained from reference 34 and updated from epoch January O.YS, 1900 to
reference epoch 1950.0. These elements are given by E-20. They are
employed to define the selenographic transformation matrix_ aij'

»

included are the Moon's mean longitude rate ([ , and nodal regression rate
. ,

Also

_O.. . These data are employed later vto define the linear velocify of
the IEM's subsatellite point relative to the lunar surface.

L. Conclusions

a. All planetary elements arer computed with respect to the mean equinox
of date based on a fundamental epoch of 1950.0.

b. The JPL Ephemeris Proéram will supply the Sun and Moon posii:ion
coordinates. If this program aiso outputs fhe aprropriate lunar orbit

elements and GHA, then Set E equations should not be programmed.
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F. Rendezvous Rsdar.

MOse. The purpose of Set F is defire the line-c -'siglct sector,
measured from the LEM to the CSM, in IEM body cocriir.ates erd sc provide
" required inputs to the Rendezvous Pa:’.ar Sutsyster I/Lgth Mocel.

o, Relative Range &ni Velocliv Vectcrzs lessured Im IZM Zodr fwes.

a. Scalar Range end Renze Pste,® Scaler rerge iefires the liresx

CG-to-CG distarnce teitween the IEM and IEY venicles:

a=[Bl= 1l 9 57 - o

- e - P -—d . - — -
Scalsr renge rete fenctes the releiive serereticn or zlosing sreed

between the vehlcle

-4 —'-.- % 2' X + ks
&5=%=%/:°f+fw&= Pt

m
i
fu
o
wn
[}
[
«t
(
[a]
x
o

are comp'ted from two ssyarete scurses.  A: menticnsl in 3

and B, IEM motion is gerereied wizh resyect So eizizsr s

or a ron-roteiing, wI gonslarsgnsi, velstivs frems cenTevrsiosl Tne IIM
Inertial M-freme 21 egusticns zare grtivetel iuring lumer zission

- AY ~myy . - = s -
exercises wherever ﬁ_s‘-‘- Dz (=02}, I8N miticn iz szupziisel in M-freme

coordinates regeriless ¢f whebthey <the =missizn zils iz inmcemeiel oo
independgnt. ARocoriingly, CSM mosicn reletive S oTle M, exzressedl
in M-frame coordiinstes, is: )

‘fmz r”/c— m/L = P-*

-?M T'erc.‘“ ‘74/:. = j—;‘k (£-11,22,2

- .

Relative motion coordirates exs Sirest cuityris 2 ecuelicx (z-= O)
-—d‘v

Tnese deta ave alweys corruted during Ierth mission cpereticrs, e.:i,

during lunar operaticrs wherever /¢ £ 'D‘ . Beleilve xclion Tecto:

St

FORM G328 REV | B-44 _ REPORT T -500-5

. DATE 22 hpril 1%5

GIUMMAN AIRCRAFY ENGINEERING COIPOIAYIO“
© - CODE 24512

7




PAGE 60

[
f and f , thus computed, describe IEM motion with respect to the
CSM. A change in sign is therefore required to describe CSM motion
relative to the IEM. This generalized vector, measured in E or M-frame

coordinates , 1s glven as:
r=-7

=3

Switching logic is provided in subset equation (F-25) to discriminate

(F-25)

between f * and ?’* calculations based on inputs from subset
equations (A-10) or (B-10).
Once F * and F* are obtained, a single transformation relates

the relative motion vectors to IEM body axes:

- o ‘ (F—E)
‘? 9., ,0 3
fi=9y. 7" . (0

Motion measured between the IEM-CG and the CSM-CG is defined by
[ ]

vectors .F and ?; . The following transformations’ are required to

describe relative motion between the [EM radar dish and the CSM-CG:

5’5 fo ~ e | .
- - o’ f-1

_ 5’; 5’5 WX §,
Vectors dpp and’u.)arepresent the displacement between the IENM-CG and

rendezvous radar dish, and the total IEM angular velocity. Thus:

3;& Oleg ATt (Beg @“\ﬁ + (G ‘G“)i
S~ Palat Gafa+ A (£-2)

Tt is recommended that equetions (f-1) and (£-2) not be programmed
because.
1. At large distances i)aral],e.x errors are oversﬁadowed by rendez~-
| vous redar syétem errors.
11. At relative distances less than approx‘imately 50 feet, where
perallax errors cen be significant, the rendezvous radar is no

longer operative (reference 35).
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&, Giwtael Lngles. Presented in Figure 8 is a schematic representati‘on of

Perallex corrections will be made, however, to the rendezvous and docking
visuel distlay drive equations.

Rendezvois Radsr Interface Parameters.

tre rerdezvcig raiar éimballing geometry. Consider a rendezvous radar

exes =Js‘:em (xpﬂ, Ypr’ ZRR ) fixed to the radar dish. let the radar axes
e b TEM e 2

ccincide with the IEM boldy a_*ces. Define XgR? S}RR and €RR directions sas

tte cutboexd, irtosrd atd boresight exis, respectively. Position the

reier aves Ty & rotetion ELS about YB' s, followed by a second rotation

.n’-.:s £72.7 the rew XF’ evis so formed. The transformstion matrix reduces
tc .
['-QR = M(Et.s, Ax.s» = : (£-3)

cr, n exzenied form

] [cosE o -sinE 179 7

LS LS ?ga
e |= SinAsSINE,  CosA  SinAcosE ?Ya
L.E“ LCosA‘_s SINE “SINAL, COSAQCOSEL_S i 30&&

- z162ifies the line-of-sighs iireciion teitween the

£3. Zenze, coummoneny dissances YRR end . YmRr must be zero. There-

o= gxacosELs = ?za Sin El.s ©(£-k)
O= £.5NAsSINEs+ f, COSA (£-5)
+ &, SnAsCos B
Salvirs eguetions (£-L) arﬁ (£-5) for E;s end Arg gives
tanE = a | (7-20)
ig
(F-21)

F?fYa—
tanAg $xg SINEust $3 COSELs
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Gimbal angle E'LS exhibits a singularity when the CSM line-of-sight

lies along the IEM Y  body axis (&Ba f%s= © ). Geometrically, tlvﬁ.sv
condition corresponds to AIS = % g and EIS =0 . The indefermina.cy, tan
=0

Eg = g , 1s circumvented by introducing loglc (F-22) that forces E

wken '?’(B: P;b-.- 0. . 7
The line-of-sight gimbal angle rates relative to the body axes are

Is

- genersted by differentiating E o and A o with respect to time (See
eguetions F-20, 21). Infinite rates exist when st and -Pipapproach
zerc. Infinite rates are ameliorated by the addition of logic commands

[ [ .
T gt
(F-22) that force e:;ther AIS or ELS to zero values whenever fYB or
?18 egual zero, respectively.

L. 2egdgr Subsyvstem Math Model Rate Tnputs. Five angular rate inputs

exe reguired to interface with the Rendezvous Radar Subsystem Math
¥odel. Two of these rates represent total inertial angular velocities O
mezsureld slong the radar line-of-sight inboard and outboard exes. This

i:::l:iés the motion of the gimbal axes relative to the body axes plus the

‘mction of the body axes relative to inertial space. Expressed mathe-

meticelly:
QLSOL AL& FB
Wisih| =] 0 | + MEs,As) | FoEs (F-30)
o] o) rs -
N 4 L | R

The last three required rate inputs (pB, Qg rB) reflect inertisl
argiler velocities of thg IEM 'body? resblvedralong the rendezvous
rada> trecking exis. A distinction must be made between the line-of-
éig.'ﬂ_: exes end the tracking axes. The 1ine-of-sight axes represents a

..J'n-o:..etiu.al radar dish which continually points at the CSM. Boresight

4 Tces zet inelude redar glmbal angle rates, .
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errors and servo system lags prevent the hardware radar dish, and

. ' hence the tracking line axes, from continually pointing at the CSM. ~

Physical system gimbal angles_and angle rates are ccmpﬁted in the
Rendezvous Radar Subsystem Math Model and are'designgted by subscripf
TL rather than subscript IS.

Radar Subsystem hbzh Model inputs E”L and A”L prov1de the link
required to define totsl IEM angular retes resolved along radar track-

ing line axes: |
e, | [cosE, o  -sinfg B
Wy |=|SINA; SINE CosA, SInA; cosE,, -

c&n—l COSALSINE,  -SINnA; c.osA.,Lc'-osE,,__J S

(7-31)
L, Conclusions
“ . &. True line-cf-sight distances eni veloc ties, used as inputs to the

R.R. Math lodel, representVCS‘ -CG motion ¢elau1ve to the B-freme locsted
et the instantansocus IEM-CG. Pérallax corrections, to compensate for

D radar dish disrlacements relative o0 Lhe IEV-CG, ere not included

‘ because:

i. reder an0°“taantiea oversheiow trhe parallex cowcction

- =t

ii. the redar is inoperative &t reletive distances less than'SO
feet.

iii. 1f perallex corrzctions ere inélu&ei then CSM sxin track errors
shoul& élso be included. This rep_eserts unnncessary complica-

tions.
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G. Lending Radar
1. Purpose. The purpose of Set G is to determine velocity end altitude
inputs for the landing Radar Subsysteni Math Model and for the land Mass
Simulator. In eddition, subsidiary calculations are made to determine the
slant range of each landing raaar beam measured from the IEM vehicle to
the lunar surface. Set G equations are not activated during Earth miséion

exerclses.

depending on the latitude and longitude of intended landing site. (¢

2. Doppler Input Velocg.t les

a. The Moon's Shape. The Moon's surface velocity at the subsatellite

point and IEM altitude depend on the Moon's shape. A Land-Mass
Simulator will be employed to generate surface irregularities above an
assumed spherical datum reference (RLM\. The datum reférence will vary
, Ly’
XLM)' Since the Land-Mass ,Simu‘lator‘is designed for 10 specif‘ic lardirg
sites, 10 spherical datum references are envisioned (RLM.; =12,
3, 4,5,6,7,8,9,10). ) Y

It is. commoh practice to represent the Moon's surface by a triaxial
ellipsoid (reference “8):

Ruy= Q,, E-&’(cos duaSIndLY =% N'L] (1)

Parameters £' and £* denote the Moon's equatorial and polar flattening

constants , while &8y represents the Moon's semi-major axis. Both the

semi-minor equatorial axis and semi-;pdlar axlis are foreshortened by
aﬁproximately 0.2 n.m. and 0.6 n.m., respectively, when compared to 8y
Equation (g-1) may be used to establish the spherical datum reference at

problem start. Thus, if the first intended landing sight is at the

pole, then the Moon's constant radius would be RIMI = &y [1—1’*] .
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Altitude errors intraduced by t,he foregoing assumption are small as
11lustrated by ther foilowing exampleA. The landing redar is activated at
altitudes below 30,000 feet. Assume the msximum surfaée rahge, measured»
from the subsatellite point to the 1anding site will elways be less than
110 n.xﬁ.* A 110 n.m. shift in surface locafion on tke reference triaxial
ellj.psoid causes a maximum selenographic radius change of épproximately

L5 feet. Surface irregularities included in the simuletion will over-
shadow 45 feet. Moreover, the spherical datum reference is approachéd as
ﬁhe IEM approaches the ledding site. Consequently, &ll subseciuent
calculations are referernced to the sphericarl datum.

b. Velocity of Subsatellite Point. At any instent, the IEM's subsatellite

olnt in terms of selenogravhic lztitude and longitude is kmown:
5’- “ .

L Zsi
SlﬁqDS/L—f

ML T T
\ Yo 377 = (bs/"é 2 (G-12)
tanAy™ x,,.

Hence, the vector compcrents of the sutsatellite *airJ measured in
J : 5 ’ i

selenographic cooi'dinates, cen be found:

ﬁs/L'- R\-—M [COS ¢5/‘_COS>;IL 2\5

-+ Cos 4’5/1_5'”)5/4 i‘s -o-s,nc’;_%@s]

Accordingly, the lunar surface velocity is given by:

(G-14)

RS][_ (.A) >( R$/L (G-16)

Tt remains to determine the loon“*stotal angular velocity DS .

* Actually, for the nominal mission, the downrange distance at 30,000 feet
altitude is about 35 n.m.
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Refer to Figure 6. Note that the Moon's nodal regression rate vector
is parallel to the ecliptic plané. Also, néte that the mean position of
| the Moon 1is given by the mean longitude, (g s which 1s measured from the

mean equinox along the eclriptric to the mean ascending node, and then

along the lunar orbit. Since measurements are made with respect to the

mean equinox of date, which is assumed fixed, vector f reflects the

change of the mean Moon's position relative to the regressing mean -

ascending node. Consequently, ([ is directed normal to the lunar orbit.

From Cassini's lews, however, the Moon's rate ebout the north-south axis

. - 2.
is equal to the Moon's mean rotation in its orbit. Thus, « is also
. v B

directed along ’Z\s. Trensforming vectors 0 and € to selenographic

coordinates gives:

wxs @] o
“Drs = %y, |2 |+ (6-25)
Wa, al €

Matrix operators 81 and 81 8T given by subset equations 1?-13 and D-15.
Eqﬁa’cion (G-15) does not include velocities induced by physical
librations. These terms are neglected bécause, even if a conservative
libration amplitude of .06 deg/year is assumed, then the resulting sur-
face velocity due to libration is approximately 2 x 10'1‘ ft/sec, which
is insignificant when compered to a surface velocity of about .06 ft/sec.
for nodal regression and about 13 to 1l ft/sec for é . NASA has
recommended (mfereﬂcé 40) that the surface velocity due to &.1 be neglect-
ed. This is reasonable since the S.\ contribution is 20 times smaller
than the é contribution and will have no effect on astronaut trainir'xg.

Lunar surface velocity components, measured in M-frame coordinates,

are now found as follows:
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ﬁ\/s == a Es,,_ o - (6-10)

c. Velocity of LEM Relative to Iunar Surface. IEM inertial M-frame

velocity components are cémputed from equatiors A-11. The IEM velocity

vector relative to the Moon's surface is; therefore:

- - - ( )
1 —_— S G-21
':1/,( r':'ll. T;‘IS '
This relative veloéity vector is transformed irto body axes using matrix

operator gij :
M

rEVS r-lg : | (G-20)

tm

An additional transformation is regquired to gererste Zoppler velocity

signals meazsured along landing radar beam directions.

d. Iending Redar Beam Directions. The landing Radar Subsystem computes

three components of relative veloeclty end aliifude atove the lunar

terrain. Effectively, these state rarameters ere measured by four
doppler signals that ere transmitted to the surface in a fixed beam
pattern rela;ciw'e to a'landing redar platé (see Figure 97).  Moreover,
the landing radar plate can be positioned ir ore of two known orlenta-
tions ( ¢f, or o( ) relative to the IEM X -Z, body axss. 'I‘wo lending
redar plate detent positions ensure that the altitude beam ( 6 ) will
be approximate]y ncrmal to the lunar surfece, as the IEM orientation is
altered during the pcwe_red descent and hover-to—touchdown mission phases.
Consider the ordered rotations necessary to establish the matrix
operator between body axes directioﬁs ?B ZB and landing radar beam

/\
directions Dl, 2’ 3, and Dh (see Figure 9). A single negative
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rotation (of; + 3K+§ 53=1,25k=1,2,3, ) sbout the Y body
’ A ‘
axls defines the altimeter beam direction Dh , and locates the plane

A ) ' ]
formed by D, and ']32. A positive (.,) or negative (/) rotation about

2

.. A '
is used to locate D3. Combining all rotations yield: -~

_% .
51 = ¥l%

. / A
the new XiB axis is sufficient to describe D, or ﬁl' A similar procedure

oy

where, o : ‘ ‘ (g-2)
D, b ¢
' 3; bz C,
3&\' =143, by Cs
8, © (4
e —

Fixed metrix elements a, b and ¢ (equations G-L7, 48 and L49) are
trignometrlic combinations of the positive-valued, geometric pattern
angles EK and "A‘L . Inpuf angles, &( - §° + A §K and "A'i= _/1_° +
A __A_‘.: , reflect the nominal design angles of each radar beam relative
to the lending plate, plus calibration errors. |

Finglly, doppler velocity input signals to the Landing Radar Math

Model are found from equations (g-2) and (G-20):

[»Y [ ]
D b
2l = ?L YB/S
D?.s J 2% : (G-Lko)
O . ' .
Doppler signals Dsl’ Ds y D,5 do not include spurious veloéity signals,
-2 3 , ’
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transmitted to the landing tlate, due to vehlicle CG rotation rates ]QB ’
" Qp s Ty These velocities are small, have an average value of zero and

are therefore neglected.

Tt remains to determine the actual aititud_e ebove the lunar terrain

t

as well as the slant range of each radar bea.m.r

3. Slant Range Measured Along Padar »Be_ams

a. General. Slant range c'alculations- depeni on two geometric angles.

These are:

i. the angle /IK measured between eech doppler beam direction

and the IEM local verfival (see Figure 10).
ii. the

angle Gok measured between eech doppler beam direction—

end.the local vertlcel formed by the intersection of each
dorpler beam with the lunar surface (see Figure 10).

b. Local Vertical Angle. Angle- IL(K is formed by takirig the dot product

of ea\,h veem direction (g—2) with the IZM radius vector defined with

“esﬁct tc the landing radar plate rather th

an the vehicle C(/}:
;_/ :
ré/L d BQ

— * 0 :=§/qﬂ g
[E7 (6-13)

wnere, the redius vector from the Moon to ‘ﬂe radar plete ori5in is:

COS/JAZ

Y — A
ey = Tept LR‘ + 8« ja Tl (c11)
and where: ) ) o -
' 3 = | (6-L2)
rgIL 34‘1'" r;'/[_
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‘ by o | s .

Vectors Ty /L and Ty /L are illustrated below:

i

i

: Should /‘(K be greater than ‘g , than an intersection between the

P ' k"? radar beam and the lunar surface is impossible. In fact, the

limiting condition 1is specified by the angle measured between the LEM
~ local vertical et the lending plate and & line drawn from the IEM

f tangent to the lunar surface. Call this angle }km!x\hence:

- = Ny

g Sln[uMAX rB;L
. : (G-h3b)
: ‘ o= —— _lT__

If/.lK > HMA)( 5 Vthen the kth team will nct interse_ct the lunar surface;
consequently, Rk =0q(G-%3a). Logic given by (G-432) must be programned
to prevent a singulerity from occuring in loops G-L44 end G-4sS.

f c. Surface Intersecticn Angle snd Slant Renge, Angle on is computed

from the law of sines whenever},('< £ #MAX"
: ‘-8"—
sSin§, = Sinf,

(G-LL)

Angle on is a Landing Radar Math Model input that characterizes the
backscattering effect as each doppler beam mekes contact with the

- Tunar surface.

The slant range, measured from the radar plate origin along each

L]
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'doppler beam to its intersection with the assumed datum surface is:

Sreo

Re = Rwm™ "Sin[ig (k)

d. Altitude Above Reference Datum. Two idealized altitude signals relative

+o the sphericel datum surface are computed for use on the instructor's
zonsole. Altitudes hM/L end hM/LR are measured from the datpm surface

4o the vehicle CG and lending radar plate, respectively:

t"Mi:.-_"_‘ e — Ruw

! - (6-30)
hN/cR— ré/t. Rwm.

Tre difference In sltitude (n,,/L - h?.'/rq) mzy be as large es 8 feet.

Al5itu3e rate is given by: . .
L‘] frmmenall ——Ly” d —_— ":'
ML lﬁl"l MIL

~2el Suvfecs irregulerities axe nct reflected by eguations (c-30,

(G-30)

ir. elevaticn gbove the reference datum will be specified by
Tzs leri Mess Simulstor to modify the 1dsel eltimeter range sigral B, .
Torretsicns will not Ye meds £ slent renge measured along doprler

-eizcii teems R,, R, and R..

wm
L
“
Y
t
m
'_—l
.

. Tand lees Similatcr, consisting of & film plate transpert

eri arn opticel-electricel system, provides locel elevation information
fcr 10 specific erees of the Moon. The film transport represents a

Tlermar surfece tengent to the Moorn &t one of the ten irntended landing

sizegs. Each site is referenceld by & known selenog‘aphic latitude

~
-

) &nd longitude ()\LM) which forms the origin of a topocentric, two
A
i~ensiongl coordlnete frame :LI" ?w Vectors ?LM and kLM are directed

31
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Subsatellite pcint

due East and North, respectively.

7 Surface irregularities sbove the reference datum are projected onto
the flat film transport (see sketch) and subsequently read by an optical-
electrical system. In essence, the optical-electrical system s
positioned relative to the IEM subsatellite point, where-upon an addi-

tional signal ( ) is gererated to locate the vector drawn from the
tm

Lceal terrain__,//’?\\\ Xy

/—— Projection of subsatellite
point on land mass datum plane

Land Mass datum plane

Sphefical datum

sutsatellite ﬁoint‘to the altimeter beam intersection point (ASE;+)
see Figure 11). 'The emount of radiant flux that passes through the
film plate along the altizeter bteam is ascertained by-the TLand Mass
Simuletor and used to produce e voltage proportional to surface
elevation (eT - see Figure 10).

M M

electrical system, it is necessary to determine the excursion of the

b. Drive Coordinates Y., and Z.,,. In order to position the optical-

- sutsat ellite point relative to the film plate origin in film transport
(flat Tlate) coordinates. The required ménipulations are discussed
velow. | | |

Consider the trénsformation between land mass coordinates and
S-framercqordinates. VRotate ab@ut ZS through the longitude of the
lending site ( );M). Rotafe again sbout the new Yg axis so formed
through the desired landing site latitude ¢LM to glve desired land

mass coordinstes XLM’ YLM’ ZIM' In vector form:
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k., = £ [H (e-3)
where .
2054).." COSXLM Cos 4>LMS‘ n )}LM Si 04)‘_”

'fi-j: "Sll’\x..M | COSXLM - o (g-k)
-Sing,,, COS\L_M "Slnd)wSIH ALM COS%

IEM subsatellite point coordinates are known from rrevious calculations:

Reu= Ry, & + Rrs, fo+ Re & (c-12)

Moreover, the constant radius vector to the film transrort origin

(1anding site), is also known:

——— - A
R = Ruv E—osq:w COSA,p Ls
A
+cosd, Sin >‘I—M ﬁ —+ SIK\QL_M,Q\S] (9-51)

or:

Ro— Ren bt Ry, 2 +R,&ME§

L

(iv

Consequently, equaetions (3-14) and (G-zl) define the subsetellite

- point relative to the land mess crigin messured in S-Zrame cooriinates

(Figure 11):

R = (e-5)
AQ - s;; RLM _ - &
Transforming A'f to lend mass coordinates, . 1= Pi,j A?S, gives the

desired result, namely:
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Y= =AXs sIn )k, + &Y, cos),,

2,5 —AXs SINGLUCOS Ay — AYs SNy, SNy
(G-50)
+4Z,co8¢y

Component X;y 1s normal to the £ilm transport and hence is not required

to drive the optical-electrical system. 7
Equation (G-50) reflects_ the difference ( A?s) bétween two large
niunbers of equal magnitude (6 x 106 feet). If the digital computer is
scaled to accommodate a variable range from O to 6 x 106 feet, tﬁen the
least significant bit is about .7 feet. This means that as the IEM
approaches the landing sité, the scene as viewed by the astronaut would
exhibit an erratic or jerk motion equivalent to approximately 1 foot.
To eliminate this erratic motion it is recommended that .equation ( g-5)
be reformﬁlated.

When the Iand' Mass Simulator, or lending and Ascent Image Generator

becomes ac.tive, initialize equation (g-S):

N = D - P (G-52)
A Se RS/L° RLM .
Vector A‘r's can be computed by integrating the IEM velocity relative

to the lunar surface in selenographic coordinates, hence:

M= —(Fd e
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Where: . '

Al ' R
Hence, jrsjt also varies Ttetween 0 and 12 x'10 feet,

.01 feet are imperceptitle %o the astronaut.

Vector A;l; is measured from the subsatellite point to
of thre 2ltimeter Yearm with the reference lunar surface
ordinates. Tris vector is found as folliows. CTLetermin

vector in tody coordinates:

XE[(. FC OS(& + O(J') E4
@) o) o

_ZB‘M_A L.SM(&N(J.\)._ L_O_

ct
o
n
)
-
m
M
O
0
o]
JSul
'd
]+ a»'
o
Q
[@]
H
jor]
2 3,
Ay
in
<t
o
wn

| x Xo, |
T N Xu)4
s =Y | =% Tu, | ¢ | = ¥ Zy)¢

_E 5/4_ , B YBM,

graphic coordinates can now te determined:

M= (B~ Re) + T

Use matrix oreraztor 3-10 zrnd D2-L0 %o resolve Ty, from -
. £/

Vector A r as computed in (G-53) is inserted into equation (G-50).

4
W:Lth regard to computer scaling, AT so is "on the order of 12 x 10 feet,

Tre least signifi-

cant bit therefore is atout .01 feet, Visupl display irregylarities of
&

~ c. Azimuth Drive Angle, Lpgﬁ. Azimuth angle LP I Jeperds on A;h'

the irtersection

in Tand Mass co-

-3

e the slant range

Given tre nomiral altitule tesm vector T /)4, the drive vezior in seleno-

(G-63)
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Transforming to land mass coordinates gives:

~ i ) . —Ax*— _XS/(, - Rx#‘. -+ X5H
4Y =y Yeu = Ryg ™ Youe (g-6)
’ : a 2“‘ ZSIL— RE;/L-'- ZS/‘
i b - L —

Whereupon the desired véctor measured in land mass coordinates 1is:

AT, = a4 4,+ Az, (e

Hence, the azimuth angle drive measured East of North reduces to:

tan Py = il;; - (e60)
The significant figure problem discussed earlier is also evident in

~ ~ equation (G-63). Equation (G-63) is not modified. The reason for this

is ?hat vector A ?s/h (G-63) is not used as a visual display drive
parameter. Instead 4 ?S/l; defines a tgrrain scan azlmuth 'fifrectiqn'.

Thus , erratic motion (on the order of 1 foot) in A T, cannot be sensed

by the astronaut in any of the visual displays.

Given me, Yo Zpy and lh‘ , the land Mass Simulator auto-

i matically outputs surface elevation, e (see Figure lO), normal to

the film transport. This signal is resolved along the altimeter beam

and mixed with Rl& to yield an indicated altitude Rﬂ :

(6-16)

R - S
R+ R4 c;o:':SS‘,4
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; 5. Conclusions
| . a. Lunar surface velocities due to the Moon's libration and the Moon's
regression raté.é. are small and neglected.
b. The lunar radius at the subsatellite poinf 1is based on a spherical
o model. During any run, the lunar r?.dius (RLM) is specified by ‘;he refer-
1 ence radius of a particuler lénding si«:é. This reference rédiué repre-
sents the lLend-Mass Simulato-r datum surfacé used to generate local ter-
' rein irregularities.
c. Zpurious doppler velocity signels are -neglected. These velocities are
caused by LEM-CG rotations coﬁlﬁled with e displacement between the land-

ing radar plzate and the'LEM-CG.
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H. LEM CommunicationrRegpirements

1. Purpose. The purpose of Set H is to determine whether or not the LEM can
communicate with either the CSM or Earth tracking stations. LEM-VHF antennsas
are used to communicate with the CSM. An S-band antenna or two fixed, coni-

cal log antennas are used for Earfh communications. while in lunar orbit or

in Farth orbit, respectively.

2. LEM-CSM Communication Capability

a, Line-of-Sight Viewing. LEM-CSM visibility conmstraints are based on the

orientation of the line-of-sight vector F* relative to the central body.
During lunar or terrestrial operations the Moon or Earth, respectively, is
regarded as the central body. Geémetric visibility constraints are general-
ized and apply to either mission mode, v .

As showm in Figure 12a, visibility is assured if ﬁ§ is gre;ter than the
central body redius. Distan_ée R¥ 1s computed below: _
RE = e SN Be (h-1)

SIN By = r_”’LfBSL'SHO"—“ i (h-2)

Substituting ’h-2) into ’h-1) gives:

But:

R* = I Tna, SinGe | C(HAN)
¢ CLs

Angle Ozig defined by the scalar product of rn/ and rn/L’ or:

[o]
COS 0p = —Dnec® Pna (H-12)
[Fnc] 1P :
0<£ U2

Vieibility may also be p&ssible when Rg is less than Rn‘ This condition

1s tested based on a comparison between angles Uc'and 02*, defined in Fig-

ure 1l2a, Note that:

*_ Rn H-1)
coslc' = £ (H-11)
00 <¢l
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Equé.tions H-11l and H-12 are interpreted as follows:

" b. VHF Antenna Orienft_ations. Even though the C3 end IFEM are visitle to one

1. Visibility always exists if R¥ -LRn provided UE p g’c*
11. Visibility never exists if R* £ R and OE>0;*.

iii. Visibility always exists whenever Rg 2 Rn'

another, the CSM and LEM-VHF antennas may be misalignéd such that a high
noise to signal strength ratio pi'ecludes communiqation. A réquirement is
established, theref‘ore, to define VHF antenna orientations., These orien-
tations are specifiea by the -a._ngles:-

i, gLi , measured tetween the LEM anten;a and the iine-of-sight.

ii. Eci, measured tetween the CS antenna and ttre liner—of—sight.
iii, y .y reasured tetween the LEM and CS¢ antenras projected on & plar.e

verpendicular to the line-of-sight.
krgles ELi, ,Fci, and Eii ‘are required inputs tQ tre Communication I-iat‘ﬁ odel]]
Tach vehicle has two VI-L'E"antennas. Av any irsteant, only one antenra on

either vehicle, select ed by the astronauts, will te .‘sed for comr Micanow

e choice of axnterrsas mqs‘b be inputted to the IMS lath Model,

Consider arngle EL- calculations. The direciiorn cosines of each IEY an-

tenna relative to the LEM body axes is krown
/Q'L =/Q';_ tg + j?_lJa + /Q3‘-_ R_a (H-Sl)
: L= L2

Similarly, the direction cosines of each CSH antenra relative to the CSM
tody axes 1s ¥nown: )
; - A A A :
\J . — X -

A A , L= |,.2 . ‘
Vectors li and ¢, are further resolved to M. or E frame coordinates:

A T A _ B ,
/Qn(" = glJn li, - (H'SZ)
T :
i = 9ij. Ci - (H-53)
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During indepehdent operafion; the CSM antenna direction gosines (B-51) are
reguired IMS inputs. The IMS will compute the CSM, n-fra_me vector 'C\ni
(B-53). During integrated operations, however, the AMS will compute all
CSM-VHF antenna directions. ‘

The desired angles measured betﬁeen the line-of-sight diréction, ﬁ5*3

" and each antenna direction /see sketch) can now_be found:

. A
n, . Cn;
roR
\ _
LEM é* CSM
7 —_—
cos fL,z—’Q—L@’—C 0£ 8. ¢
. Ie I ¢ (H'SO)
—*
cos ¥, = “CnfT S &M

G l

In order to define angle }?ii’ the directions normal to the planes
formed by the 1EM antennas and 65*, and the CSY artennas end 65* must

first be ascertaired. These directions are:

A ‘Q'] x;(’
71 Pﬂsm*p

.’r\t _ CpxP (H-54)
. ¢, |P*sIin fca
Now, i1 is i
Cos 5., = ch (H-55)
04 3&— |

- LEM-Farth Tracking Stetion Communication Capability.

a. Earth Stations. Farth tracking stations ﬁill continually communicate

with the LEM vehicle. Each ground tracker is specified by a geodetic longi-
tude ;\ geodetic latitude ¢ and elevation above the reference spheroid

H. Station coordinates resolved to the mean equinox of date (E frame) are
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{reference 2):- Rk ” o
Xer, = (ReGi+Hi)cosd, cos(GHA+A,) |
Yersy = (ReGi+ Hi)cos ¢a»5"" (G‘HA,“ A;) (H-20) |
Zeg, = (ReSt H)sIn g,

~

Farth constant C 1 correspo-nds to the radius of cu;rvature in the prime
vertical plane. Parameter GHA (E-lfﬂ represents Greenwich Sideréal time,
It was recommended ea.rlier; Subsection III-B-S,: that a modified two--
tody solution be used to compute LEM-CII mo*ion during independent IS
5pera‘tions. On a short term basis, tke two-tody assumption has a trivial
effect on comm mca.tion C&p&bll"t‘y teiweer each ground tracker and t‘:.e
M, T‘E.e comsunication capability is zlfected by how often a particular
tracker'can sight the IEM., Taturally, a difference in this phase relation
must exist when twb—body motion is compared to n-body motion, because,
tne LE mean motion is altered and fhe rodal regression rate is elimin-
ated. Asrmention_ed earlier, mean motion changes can te compensated for
by adj‘asting tre C3I initial state vector ‘yrimarily altitude) %o account
for secular di“ferences ‘tetween Yerler and n-rody motion. In addition,
a nodal regression rate correctior car also te made, if desired, to mod-
ify the sideriai GHA such trat, to tre first order, a proper LEM-ground
station prase relation exists, This nodal correction would te imrlemented|
_ -

whenever an independent IS Earth tra* m:‘.g e:re*'cise was mitiated Farth
nodal regression rate corrections are neglected during independent I}S
Junar mission exercises.

The regression rate correction is made in equation (H-20) by altering
the sine a.ﬁd cosine arg;uments'to read GHA +Ai'ﬁt instead of GHA +‘?\'-_

Rate £ 1s defined by equation (E-22),
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b. LEM-Ground Station Visibility - Iunar Phase. The LEM communicates with

each ground station by means of an S—bg.nd antenna. Tdeally, this antennsa
is dlirected toward the'Ea.rth's— center. As shown in Figure 12b, communica-
tion may be possible if a clear line-of-sight (;G ) exisfs_be‘bwgén the
ith tracker and the LEM, provided the IEM is withiz/nLthe_tracker'é eleva-
tion constraint ( Silimit)' A clear line-of-sight is based on distance
, Ri*’ reasured from the 'Moon's center normal to FG;_/t, and angles U—Eland
G_Eq.* vhick are defired in the éwne sense as angles U'c and-q* given in

- Figure 12a, Thus: _
. , |
r¥= L Twe SIN Oe:
' Fei/L

(H-32)
where:
Feuw = ,’:Ge/'-' = , ':E/M +FW‘-'FE/6£|

, = H-33)
N L lf‘e/rf‘mtl (

- -
~— | S —__Tiru

SUeg. = o —— ;s 00 &1 H-3l
cos e T | [P @ ST

-

and: .

e

cos 0 = Ry 04Ge ¢ I (H-32)
R ‘

) Tre trecXer elevetiorn angle, Si.: is defined by the tracker local hor-
i : A
lzczn exd tre tracker-IZ2! lirne-of-sight. Sirce direciion r-E/G;, represents

tre lccel vertical cf each ground tracker, it follows that:

Cos (:ré[—st) = SINn 8;': Terei * Ten (h_s)

I FE/G& , IFG;IL l
But frcn fH-3‘3)'( :

sing; = Fer * (Fem+Fun) _ |Feel (H-31)

|Peve;| |Tein| |Ten |
Associated with eéch ground tracker is a minurmum elevation angle 8,; irmit?
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below vhich communication is non-existant. Tre reason for this constraint
is due to unacceptable nolse levels whenever the radarrdish is pointed
near the horizon, and the existence of terrestrial otstructions such as
mountains. Accordingly,- si.limit would be a function of tracker azimith

angle, It 1s recommended, however, that a maximum value of 5 be

Ulimit
selected and used for all azimuth angles, This results in a gross simpli-
fication because there is no requirement to compute the azimuth arngle or

program the funciion 8& versus azimuth angle for each ground tracker,

limit
ror the lunar mission mode, the foregoing informatior is resolved irto
trhe following compact IEM-Farth visitility logic ‘see E-20):
1, Communicetion is not pbssible if the tracker elevation consiraint
is not satisfied 'sir EQ < sir §i limit) tecase eitrer tre station
is on the tack side of the Fartih or an =raccertatle roise level ex-
ists.
ii, Communication is not possitle if the treczer elevaiiorn consiraint is
satisfied /sin Sié sin Sr‘-' 1imit) eta P..i¥< R, and U-Ei. > O-Ef
This condition correspords to the IZ locaied cn ite tacr side of %
Hoon,
1i1. Communicaticn may te possitle whexnever sin SiZsir. 8;’ . .qo 8nd
R*2Z R, or B *<E but O-E'Lécrfi*'

¢, S-3and Antenra Oriertation - Turar Frase, Whenever the visibility re-

quirements are satisfied, & firal test nmust te made to deitermine whether
or not the LEM cex communicgte with the Earth., This test demands that
the S-band antenra be pointed in a desired direction and remain within
allowable gimbal limifé. |

Ideally, the antenna should be pointed towarad thé Farth's cehfer

"lunar mission). This direction is:

Fu = = (Fus + Fem) (H-43
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Resolving equations H-L3 into body coordinates gives the direction re-
quired for S-band pointing: |

- Fan= i, Ta (3-15)

i ‘ Figure 13 presents the S5-band gimbal geometry. This geometry corresponds

| to the rendezvous radar gimbal gecmetry (Figure 8) discusséd earlier. Thus,

' rendezvous radar equations f-3, f-4 and £-5 define the relﬁtionships between
S-band coordinates and body coordinates provided ELS and ALS are replaced by
Qc and ¢c,‘respectivelj. The desired S-band gimbal angles, for communica-r

tion, are therefore: - - .

tane. = £ (50

Zey v
= ht 8,’4 . )
tah d)c XB“ Stn ec+ ZBMCOSQG . ) (H-42)

Angles Gc and'¢c are inputted to the Corrunication Math Model and compared

to the allowable S-band gimbal argzles. If'Gc and ¢c lie within allowable
limits, then communication is possible; otherwise, the LEM crientation
must be altered btefore comrmunication can commence.

d. LEM-Cround Station Visibility - Earth Phase - The only visibility re-

quirement for Earth mission exercises 1is that the LEM lie within accert-

v eble tracker elevation limits. On this basis:

~if

Gu/L
_l (k-L)

\

. » F‘ ) .
cos(I-8)= sin §; = —&6i 16k
, (2 ‘) ot IrEIGiI [P

But:

FG,-_/L = F:E/L "re/s; i - (h-5)

Consequently:

) - - : l

Tt

[Terei] |Fo| ITein

- (B-35)

—
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Visibility is assured when sin® 2 sins "H-34).
. i 11imit

e. Conical Log Antenna Criertations. Two conical log spiral-fixed antennas

gre used as an emergency tackup for the S-band steeratle anterna when in

lunar orbit and for Earth communications when in Earth orbit. The signal-

] , o ,
to-noise ratio is depender* on the angle E" measured tetween tre antenna

Ny

A
L7

A
direction f: end the lire-of-sight direction ’see sketch).

'st,z

M (To Earth cor Lumar

Mission)
E;/L (To Ground Statien for.
The tody fixed antenna directions are known: Earth Migsion)
2 = gt + 4.7, + LR (H-5")
L”1L3+LJ5+3KB
' ' il=1r2 ' '
Resolving ihrese directions into M or E-frame coordinates glves:
A T Ny
Lp. = Jiin Li (H-52)
I7 ire spiral anternras are used for cormnication during an emergency

sitration wrile ir lurar orsit, then the angle required to determine thre

sigrai-to-noise level is:

CosE, = L ki (H-486)
| Pul
0£8£ M
Durirg all Zarth Mission ﬁases compute g./as follows:
’ _ re.f.’ ¢
s =-=% (H-47)
| , ITe | -
where: Oégiév._

Conclusions,
a. Alter the rotation rate of the Earth to compensate fo: IEM-ground

tracker phasing during independent IMS Farth mission modes. This incre-
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ment in Earth rate corresponds to the CSM nodal regression rate.
b. Ground trecker elevation constraints are assumed congtant rather than ,

a function of tracker azimuth angles. The elevation constraint 8.1 limit

mey be conservatively or optimistically selected.
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I. Weights and Balance. 4

1. Purpose. The purpose of Set I is to compute the iﬁstantaneous IEM mass,
center of gravity, and moments and products of inertia, Subsidiary caléula-
tions are made to define reference'diétances measured from the vehicle CG to
“specific subsystem centroids. _

2. 1LEM Mass. An attempt is made to simplify the mess breakdowﬁ'of ﬁhe LEM
vehicle. lass calculations, equation I-ld, are characterizéd bty constant
and variable masé groﬁps; Component mass contritutions to each group follow.

~ a. Cornstant !asses. The total dry mess of the ascent (mI‘) and descent

’mII) stages are invariant initial inputs. These constant masses do not

include propellart mass but do include expendatles ejected during the
ascent or descenurn“ases. Duriﬂg an acwa1 mission, mass is cdntinuallv
expended in the form of vented mauerial, gas 1ea.'.., vaste managermens, etc,
t is an unnecessary»complication'tp generate ‘he expendatle mass profile
as g time dependernt function., Instead, it is assumed that all expendatles
are included as a.risid par:t of thre ascent ﬁnI) or descent (mll) stages.
in the event trat the CSH propulsio;_ vstem rmalfunctions, the LEM
yropulsion system will te fequired to initiate the *rans-earth maneuver.
Since thre IEI ard C3I must te attached during thils emergency condition,
the tbtal system mass must reflect tre C3! mass, mc. lass mc represents
a constant irput whenever the vehicles are attached during independent
IMS mission modes. lass m.» together with comporent distances OCC,‘BC

and 66, measured from the C3M~-CG to the weights ard belance reference

exes, will be supplied by the AMS during integrated operations.

b. Varistle Masses. Variable masses include all propellants only. Main

engine ascent 'm,.) and descent meJ) fuel and oxidizer masses are su?-

Aj
plied by the Main Engine Math Model (I-12). RCS system a and b propel-
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lants are computed by the RCS Math Model and inserted as 1nputs'to inter-

i face equations (I-11).

‘3< Instantaneous Center-of-Gravity. The LEM-CG is found 5y summing the product
of all component masses and their lecal reference arms measured from the O, -

' 0, O origin of the desiéﬁ reference system {I-20). Note that most referenee
arms are constant inputs that remain invariant during any run. These include
tﬁe afms corresponding to the dry masses va, VII; v——ﬁ-cx)ﬁsqx), the RCS
pfopellants {ij)f the ascent propellants (VAJ) and theVISDJ and XIU com-

'ponents of the descent propellants., Component distances CKI) are computed

J
variables that reflect!the combined mass centers of the rigid propellant CG's
and the slosh propellant CG's. The slosh proplellant CG is defined by the
slosh model pendulum support hinge. -

Slosh forces are zero whenever the main engine is»inopefative. For this
condition the propellants move to the tank periphery and moment arm AOCDJ.

S~ goes to zero (see equation A-48 and Figure 4).

L, Morents and Products of Inertia. Moments and products of inertia may be

computed by a direct or indirect method. Tirect computations require that
each component mass first be located relative to the total vehicle CG

(v =v + v..,) and then transferred fo the instantaneous LEM-CG. Component

CG
reference distances,,;, are time dependent, since the vehicle CG varies as
mass is expended. Thus, the squares and products of each reference distance
must be continually computed. These calculations lmpose large storage re-
quirements on the computer,

Indirect calculations are based on defining moments and products of inertia
with respect to the invariant design reference origin and subsequently trans-

ferring these inertias to the instantaneous CG. Ihdirect, rather than direct,

calculations are preferred since reference distances, v, required to specify
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the inertias with respéct to the reference origin fI—hl,751), are constant
except for Vp;* Even when the transfer terms ere included (1-ko, 50), the
computations requifed to program the indirect method are less than those re-
quired to program the direct method.

Ascent and descent proﬁella:ts are freated as mass points in all irertia
computations; Tﬁé reason for this assumpfion follows (referenée 36, Puel-
oxidizer slosh forces are considered as a perturtation to the rigid bodj
equﬁtions of motion. In the arsence of viscosity, these first qrder fluid .
pressure forces are directed radially outwérd from each tank, Hence,-there
can te no moment induced by thé fluid about thereffective tank centroid, With
regard-to the spherical ascent tank, the effective centroid coincides with
the geometric center. BSmall motiéns exist between the effecfive, cylindrical

Y-l

Ony
iio Vi

descent tank centrdid and the geomeiric centro:d ‘references £ and 7)
these baées, effective propellent 1:9 tias ars camputed by assuming *het ail
the prore llarnt mass is concentrated &t the effact§ve tank centroid wricx rep-
reserts the support hinge of the meckanical rexdulum analog ‘see Section
IIT-4-4), TEyperimental data ‘refersrce 28) heve irdicated that "this *pr
proach of caleuilating rigid boiy inertias should give substantially more
realistic results than would te obtalred ty asstuming that the propellart in
each tanr Afrdzen and concentreiing this frozern mass at its cernter of grav-
ity,"
5. Cénclusions,
a. The &5 will supply all C3M weights and talance parameters'to'the M3
during integrated operations whenever the IZ{ and C3M are physically

attached,

b. Moments and products of inertla will be computed relative to tkre origin

of the fixed weights and balance reference system and subsequently trangf;

ferred to the vehicle CG.
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c. f‘uel .a.nd oxidizer inertias will be computed based on mass point con-
siderations. The mass point is located at the geometric centroid of the’
ascent tank and at the compos;[te centroid defined by tﬁe s8losh and rigid

masses for each descenf tank.

and mIVIA'

d. Expendables are included as & rigid mass contribution to 1
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J. Visual Display Driwve Equations.

1. Purpose. The purpose of Sét Jd ié to generate drive sigrals for the Bxtern-
al Visual Display Equipment (EVIE). This equipment proviées real world vis-
ual cues to the astrorauts during all lunar and'Earth mission rcdes. Real-
istic motion mey be pérceived througt each of three wirdows or three tele-
scope positions.

Optical simuletions are generated ty Tour primery rerdware sﬁtsyste:s.

Briefly, the star fleld is genera ed =y & Celestliel Sprere sutsystex, Stars

can be occulted by the Moon, or *the Ierth, or Sun, A Hicsi:: Effec*s Fro-
Jector " MED) enables the astronauts to view the lurar or Eerth terralr dur-
ing orbital qperations. De‘a*‘ed iy 5 ing slte viewing is trovided ty the
Landing and Ascent Image Cererator. C3X visual =’~>+*:gs are generated Ty
a Rerndezvous and Docking Image Genéralor.

o attempt is rade to define <ze mecia:ﬁcal-cptical cetalls o7 eszelh Tard-
ware item since these deigils &rs gralilelbls in rimerous Iarrand docurents
An EVLE hardware s ﬂma“" report s g'"_: irn refererce 37.. ”»”‘"aleit ariv
sigrals recquired to activate eackh znerivere lienm erz derived Eelﬁ“

~

€. Celestial Sprere,

a. Zimtal Irives, Four Celest;a; Szrerez, cre Jor esch Winiow end ons I¢

all telescopes, are used to pressni an i:finity stexr 21
nauts. Each Célestial Sprere contalins 297 sters referznced 10 the e
“ecliptic of 1950, of wrich )hrstars gre used for navigetion, Ster zotic
is simulated by positioning tre Celestial Sgrers relative 10 tle astfo-
nauts, or,moré appropriately, relative to trhe tody-Ffixed opticel &xesr

(Figure 7).

Presented in Figurelis 1s a scrematic of t:e Celestirl. Sprere girztel
g ) g

assembly. Motion about the outer apq}T and middle fbuq) giztal axes are

T Footnote on next page
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shown. Inner gimbal motion is mechanized by rotating the Northern and
Southern hemispheres relative to a split ring which represents th& eclip-
tic plane.Arbitrery oriertaticns cf the ster Ileid cen,theref:re,be achie-
ved by ‘independent girbal engle imiuts e_ ,b_ erd ¢ .- ] % .

Y P g ¥4 pa’ °pq pq’ For example,
let the Celestial Sphere gimbal axes be initially aligned to the window
axes 2 Y ,X__. Rotate through angle a__ about the optical line-of-

pa’ ‘pe’ “pg gh angle 8, P
sight axis 7. . Follow this by a rotation b about the new X' axis so
Pq ) Pg rq

formed. Finally, follow this by a rotation cPq about the north ecliptic

pole to géﬁerate the general transformation between the Celestial Sphere

:axes and the optical axes (see Figure‘l&b)ﬁ

i S
Vep, COS2pg SIN Cpy SINByg SINCpg COShpyCoSGyl | X
M +Slh5f1 SlanaCoscd 'Cosags'“br;{“e:c,l 4/ {ﬂ H

‘jeﬂ CoSapy COSCp  Sindy CosCpg -Casbr’smcﬁ YFB

-sm'a,.i Q'nbﬁslncd +s3y smb,z $incyg

?em :SIHBHCosbrz Cosafxcaskfg ‘S"’bf’iJ Zm

)

or;

e

Effectively, equations (Jj-1) represent the mechanical transformation

between optical and ecliptic axes. This transformation can also be gen-

* As mentioned earlier, generalized subscript p refers to window (W) or
telescope (T) viewing, while q denotes the viewing mode, either left (1),

right (r) or above (a). .
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erated from computed trajectory data. Recall that equations [D-80) relate

the optical axes to the M or E-frame. A single rotation about the equinox

FaS .
Xn, through the obliguity of the ecliptie, €, is sufficlent to reference

the optical axes to ihe eclipfic a.ices. Thus :

'EH = n“jm Fl’“ | (J"Z)‘

where H l . O o

hi‘jf’% _|o cose sine ﬂi% (J-12)

0O -Sine COSEe

But, equation (342) is identical to equation {j-1), Hence:

Aiip = Niing (i-3)

Solving for the urkrown girbal angle drive inputs b and ¢ in-
g | g & PUts 859" "pq q

13’ gives the reguired drive inputs shown by
o
Pq

fermé of known elerments n
equation ’J-10).

Equatién "J-10) exhibiﬁs e siﬁgularity when the middie girmtal angle
bpq apgroaches A ;2:. This-condition is circumvented ty the introduction

of gimbal lock logic (J-11). ILogic (7-11) was derived rased on the con-

siderations given irn Seciion III-D-le.

b, Lunar or Fartn Ceculiers. liechanical provisiors are included to ob-
struct the star field wherever the Mooﬁ or Farth aprears in the windows

or telescopes durirg Iuner or farth ﬁission modes, respectively. In
order to occult the.stars, it is required to‘locate the Moon or Farth rel-
ative to the optical axes. This is readily accomplisted since therposi-
tion vector of the central body (;é/L’ G—h?) in IEM body coordinates is
known. Thus: . _

Superseript n denotes either the Moon (M) or Earth (E). The negative
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- 1s not tehind the line-of- sight. To provide for these contingencies, tbe

sign 1s needed to direct the vector from the body axes origin to the M
or E- fr@e ~)r1g1.n;

A disc of varying diameter is used to occuit the starcfieid. As shown
in Figure 15, the disc moves in a plahe normal to the line-of-sight opti-

cal axis and has coordinates'given by:

= 2,1 [(ng) (Yrg)] - (T-23)
tan Gm ;(‘?‘ |
Parameter dpq represents the scale distance measured from the optical
axis origin to the plane of the occulting disc,
.The field of view measured in the plane of the disc can be approximated
by a circle of maximum radius . Whenever is grester than
v Cp ax T Cpg o &
this distance, the central body cannot be'seen. To ensure, however, that
the central body re-enters the window at the correct position, it is pro-

posed that angle 9 pa continually be computed. Accordingly, when

the disc appears as it should rovided tne central bo
‘opq <‘opqmax, ‘ PP P dy

following logic is introduced ( J-2k):

0 , ]
i. 1f 2. <€ 0, then do not compute . Instead, let = .
pq = Pite Prq ’ (opquopqmax

11, If z 2 0 and if then do not compute . In-
Pra 2 Lrq_ pate g
stead let = (9 .
q PLox
iii. For all other combinations, compute (qu. Also, always compute
9 .
Pq

The occulting discs for tﬁe upper window and teléscope viewing modes
are driven by & mechanical device that requires cartesian rather than

polar coordinate inputs, thus drive coordinates are specified by:
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7"f’$ = (g COS Bpg
‘Ef}og = f%ﬁ; S lr\‘a'ﬁl

(T-22)

Oceulting logic described above also pertains to equation rJ-22),

As the vehicle arproaches the central body, the tody's apparent diam-
eter lncréases. This efféct is simulated Yy representing_the disc as a .
variable wrap-up reel containing mylar tape. The disc digmeter and rate
of wrap-up is proportional to tke ceniral angle }‘* (rl ﬁax;, Figure 10)

subtended by the IFM., Hence:

_.- Rn . *,
SIS R G EMER )
. -
= - ___zuu~ n
N FnrL ta P

L configuration can exist when the LI Is ehlrd the Zarth or loon,
wrerein both certral todies cccult the star field, Turirg luvar ﬁissiﬁn
operations, Zarii oceultasion WlLl re syriresized Ty u“fcicalky pasting
a corfiguration of tre Earik on the Celestlal Sprere., Tre Zerth's posi-
tion in tre star field will Te tased on ithe Zarin's rigrnt .ascension ard
declination reletive o tie -frame at proctlen start, ZTarih rarallax
will Te given by the mean Iarir-lioon distance, Similariy, during Eerth
training exercises, the “oon is fixed to the Celestial Sphere bgsed on
its right ascension ard decliration relative 10 the E-frare, Obviéusly,
motion of a pasted joon or Eax ? across the star field cannot be simu-

lated. EHowever, this should kave no 1nfluence on ILEI-astronauvt trainlng.

¢, Solar Occulter; As the Sun enters the field of view, the CRT light

intensity 1s increased. This has the effect of washing—out the star

field, The control parameter of interest is angle x Pq measured from
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the optical line-of-sight to the Sun's vector direction. Angle qu is

computed as follows: Define the Sun's position in the optical axes sys-

tem: ) . ,
Fe =Ly, F (330
= i r—
o YR, e | |
Vector ;1;1 P denotes the Sun's position relative to the E or M-frame. Vec-
tor rEﬂD is generateg_by the Ephemeris (E-30), whereas rMﬂD iq:
Fao = Tew — Fem (T3

The angle subtended by the Sun is:
. - A .
¥ _ Fry-Ke - 20
Ccos = — = Fm
If'n/ol e
6 , (I-32)
0<% x’m1 < 7r : -
Normal lighting conditions exist whenever the Sun is outside of the field
of view / Zo ) Ke ) whereas, maximum lighting conditions exist when
Pq PQax

the Sun is within the field of view /see logie J-33).

Mission Effects Projector.

a. Location of I=M with Respect to Film Strip Reference., The MEP provides

continual lunar or geographic terrain displays to the astronauts at alti-

tudes above approximately 1200 feet. Pre-selected terrain swaths are re-

corded on film strips and displayed by a T.V. image generator. Each film
strip is scaled for five altitude ranges. iAs the altitude (hM/L; G-30)
diminishes or increaseé Béyond prescribed limits, thg film strip views
are dissolved into therngxt. 7

The film stripris positioned with respect to the projection apparatus,
based on the location of the vehicle's subsatellite point relative to the

film strip centerline (see Figure 16), It is assumed that all film strips

-représent great circle swaths around the central body. If the nominal

..._..._..A,_‘_.....w
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~training mission orbits are equatorial, then the film centerline will cor-

>

respond to the nominal orbit trace projected on the central body. For this
case, Tilm strip drive cogQrdirates are giver by the vehicle's selenographic
longitude and latitude (G-12) or geographic lqngituderand 1atitudea
If, however, the nomihal ortits are inclired to the equator, then the
projected ortit trace will not correspord to the film strip centerline.
This results beqause the orbit-trgce on g rotating cér tral body cannot t
represented ty a great circle'path; For_ﬁhis case, the subsatellite point
may te located by angles Of ands . This poirt must fall within tze con-
fines of the film strip. Note thet /Figure 16): |
i. 9 is measured from the film s*rip ascending node, along the film
. strip centerline to the proljection of +re IFM radius vector onto tre
film sirip plane, TFor an eqﬁatorial orrit o, would te measured from

T
the Xgor XG axis and correspo:d'exacély to s/1, or i\G/L'
ii, Sf represents the declination relative to the film strip{pla:e and ig
measurad positive northward, ¥Wrenever egiatorial orbits are consl d-
ered,E& reduces to latitude,

A:gies Qf ard §,, for the general case, are ascertained belov.
Let any desired terrain swath ffilmrstrip) te spacified by a'right as-
cersion of tre ascending rode Gflf ‘ ard an inclination (if). Film strip

axes Xf, Y, and Zf are related to e reference central body axes &s

‘s
follows:
] [ cosng sinng 0 [t

<-
~+
W

- SINN CoS ic  COS iy Cosgy SIng g
Re] | sinngsing  -sinCsny cosy
R =S ¢oR _G (J"4)7
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? = 0, while equatorial

retrograde orbits (LEM) are specified by Qf = 0, if =1 . This means

Equatorial direct orbits are specified tw:flf =1

A A
that rf == rq. . |
The LEM radius vector in terms of selenographic (lunar mission) and
geographic (Earth mission) coordinates is required. The former is known

{A-22); the latter is computed as follows:

"xs] [cosGHA  sinGHA 07 [Xed
Yo |=|-sinGHA  cosGHA O | |Ye| 49
' Ze| | O 0 || [P ]

It was recommended earlier that relative motion equations, based on two-
body CM motion, be useq to compute ;E/L during indepehdent IMS Farth
mission modes, Consequently, nodal regression due to the Earth's oblate-
ness is not accounted for whenever this mode is acfivated. Accordingly,
after a complete circuit around the Earth, the astronaut would view a geo-
graphic scene that corresponds to the change in thé'Earth's anguler posi-
tion only. The real world scene would correspond tc a view from a slightly
different sratial position due té the orbit plane regression relative to
inertial space. This "true scene" can be synfhesized (first order only)
by altering the Earth's true rotation rate. For example, replace GHA in
(J-49 or D-60) by GHA'Ji.t,where Jﬁl is given by equation (H-22),

Drive angle © onto the film strip

depends on the projection of ;Q/L

t
; A
reference plane., Call this projection P, where:

A - A
5 - Ke X_LrQ/L x Ks] :_
P = M SIN 8¢ - | -9)

: tan o7 = CQ‘Z‘fg;f‘) = %.%‘— (349
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and: A

Sin & = cos (-sp=P- Kg | (T-40)
i

Equations (J-40) reduce to longitude and latitude whenever egquatorial or-

bits are considered.

b. Angular Drive For MEP Qpiics. Film strip terrain information is trans--

mitted to a TV vidicon camera through a series of mirrors, lenses and

- prisms (reference 37). The opticgl equipment is positioned by three angu-

' * * * : :
lar drive signals, '}”Pq, U-.Pﬂ and $ oq" Physically, these angles relate

the optical axes system to & local terrain coordinate sysiem (XT, YT’ ZT),

wrere,as shown in Figure 16;
A . ,
i. 1T is directed along t‘ne local radius vector.
ii. {]\T lies 'in the local horizon plane and is parallel to ithe plare
formed by the strip certerline.
PPN |
iii, = g X JT.

Let all MEP drive angles te zerod, For this cordition tre relatiorn te-

A ,
tween the optical axes rpq end the terrain axes ?T is:

;{\ A
pq'ZT
2, -2
pqg T
A A
Z,

_.XT 7

To obtam any artitrary orientation between ?pq and ?‘I‘ rotate first atout
- X‘l‘ through the azimuth angle ‘)qu. Note thrat qu is always measured
in the LEM local horizon plaxne. Ilext, rotate gbout the rew ‘T’ a.xis 50

* - *
formed throu an elevatior angle . Angles and
gh g U;q gle Y,pq % position

the optical line-of-sight axis to the landmark being sighted. Ilast, ro-
X *
tate about the optical line-of-sight through roll angle ¢pq . The corres-

ondence between ? and ? is
e :
P ' "pa T
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x,,,' Fcos%smd* SImp"L 057 cos C'os,‘ﬁq)(,

| CQ?¢’.8 CQSO'*S”'I#/ -s,n¢"$,
Tl = ;sin¢:{stn011 cos dp 603?,1 -sm¢ Casty Cos
_smc#“rc_goso’,?smy” -cg%g,, T
_Zm I -Cos‘cr;g‘ | smoﬁ sm‘fﬁ smo;,cbﬂ‘” B

or: ’

L - 6)
B ri" ’V1 (uy?ﬁf (1;11 ¢E{) r+

The matrix elements given by (j-6) are known from previously generated
data. For example, fhe opticel axes orientation relative to the seleno-

graphic /lunar mission) or geographic (Earth mission) coordinate system

1é speclified by: 3
T T A

A A
rr‘ = ILJ Py aj,(’ rs (lunar)

(J-7)
A T T N : A
rf’_i = IUH fJK FG 3 (terrgstrial)

5 - Fal
From {J-b), the constant relation befween Ty and the film strip axes sys-

tem is:

A . .

= MOigh, (-4
Finally, equations {J-U0) provide the link between ’}T and ?f:
%] [cose; coss; coss, sine; sing | [x]
Yol =

-sineg  cosey g Y,| G-9

2, =Sih & cos 65 -sm»sf $In6.  cos & |
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. Combining eduations',j-'T, J-li, and j-8 gives the desired transformation:

or equivalently

_Whereupozr
and M Y &’ O- 2’ ¢ ). The solution is similar to tre Ceiesl,ial Svhere

" drives and is given by equat ions (J-k1).

. Landi ng ard Ascert Image Gen :erator (L/A)

~ used to drive the lunar- surface teble model,

o = M(ef;s,f)a ?7‘ - | , (J"B)

A o
Fpq 1 ’%K u(ﬂp f)Mgm(ef,sf) rT J-49

Fry = [M'"‘(Gf’sf)M"‘(ﬂf*if)a_’oo"(n] SN S

m—%ﬁ "d *’v@w

Angles qu G‘:q and ¢ can now be found bj comnarirg el e"enus cf ‘:\

Equatiors \J =4z present gi'nba'l lock logic. This 10510 ensures g true

view of the Earth or I~ioon»limb vhenever the astronaut sights along the

local horizon f_U’ = _157'_)

a. Drive Coordinstes YL' ard ZIM A three dimer.sional lu:.ar- surface rodel

is used to simulste the luner terrain Eech int .ded_ I.E.rding site is rel-
erenced by a known selenograe‘nic latitude ( ¢ and longitude ’71_,1\ wrich
forms the origin roi" a topocernt ic, two dimersiorel coordinete frame ’:\::,
QIM see :igure l”) Tris coordirate frare corres“o“dc exacﬂ o thev
Land Mass coordirate fra:ne described earlier "Sectiorn III-G-&_‘. Moreover,
the drive coordira*es required to position the L/4 optical read relative
to the lunar surface origin are identical to the drive coordinates required

to relate the Land Mass optical head to the Land Mass origin. Accordingly,

Land Mass drive coordinates YI'M and Z (equa.tions G-SO or g-8) are also

s
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b. Angular Drives for L/A Optics. The MEP optical head is identical to tie

*

L/A optical head. H angles Y.\, 0. and ¢, serve a dual ose
. ptic ead, Hence, g Wg’ Ywg Wg purp .

A single (L/A) optical head is used to present the landing site image
in either the left window {q = 1) or the right window 'q = r). Switching
between windows will depend on either the astronaut's or instructor's

discretion.

c. Altitude Drive For L/A Optical Head. An altitude signal must be gener-

ated to drive & focusing circuit included in the optica.l head. Tt is in-
tended to measure the altitude from the design eye to the luner surface.

A first order parallax correction (@ 2 0°) 1s given by:
'"’og = hM/L + (o<pe -Ceg) ' (J-Q)

Altitude hmis generated /G-30) by differencing two large numbers of

 equal magnitude (% 6 x 106 feet). Thus, the least éignificant bit that carn

be computed is about .7 feet. Equation !3-9) therefore exhibits the sarme
erratic motion as the Land Mass drive coordinafes YIM and ZLM "Sursecticn
III-G-h6). Altitude motion can be smoothed by iritializing }')M_w}:en the

landing and Ascent Image GCenerator become active [kDE:hH,L°+(OCp:' Occa):l,

and then integrating altitude rate to define hDE:

"‘DE = j”bz, + f ’:‘MIL Jt (J'53)

., Rerndezvous and Docking Simulator.

a. General. Rendezvous and docking simulation displays deperd on the dis-
tance between vehicies. Whenever the LEM-CSM range exceeds 14,000 feet,
CS motion 1s depictea by & blinking light whose intensity varies with
distance. Between 14,000 and 8,000 feet, the CSM is represented by an
11luminated model. During these phases, the rendezvous table carriage 'see

Figure 18) remains parked at a meximum distance from the %—scale CM
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Zacn item 1s discissed belcw.

model, From 8,000 feet t07530 feet, the tabtle carriage is activated. CSMV
rotational motion is simulated by a two gimbal, §%~ scale model. As the
relative dis tarce closes to 530 feet, 8 three gimtal —=— CSM docking model
is emcloyed. Switching oceurs by the removal of a dissolve mirror and
reversing the carrlage motion.
Zrive sigrals must te generated to:
i. Position the C in tre T window.

il., Tefire trze rel’iive orientation of the CS as seen bty the astronauts.

)

1ii{, Provide the correct CSM solar illumlretion d ring all mission phases.

cfererce Tetle Ccordireies. In order *o syntkesiéé true vehicle

gticre, it is mandatory to esiablish a rendezvous istle reference coor-

Ciregte grstem, Let ‘ris coordinate syster be defined Tty unit directions
L ' A
igire 18), let fa be normal to the relative distance tarle

< e . 1
and dir=zct rerallel to tre carriage mo iorn. toward tx = C3 scale
~
=322, CTotical cimpersgtion ensures that fg is p-operl" directed when the

. ,
7%— sczle mcisel tecomes active. Neglecting pvaraliax, the true line-of-

A
sight wector Q. I1s =z weys directed along 3 Tre tasic protlem is to de-

2 e om -

fire *ne irue wericle motion ir table-top coodinates.

rives for It and Right Window Viewirg., An optical hesd

1g Tlxed to tne zovatlz cerriage. This head represents the ILEM velhicle

zrd Is 1seC o position the CS! in the LEM wirdows., Tre optlcal head
ccrnsicts of g veet and 3ty rion and ras two degrees of angular freedom

relative to trhe ron-rctating table-top axes. TFixed to the horizontal
Irizzicn are two cazeras positloned on either side of the post. These
cazeras tave the same orientation with respect to the post and trunnion

&s tze I window axes have with respect to the body axes. Thus, corre-
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spondence between the camera asxes and the actual LEM vehicle axes, with
respect to the relative range vector'ﬁ ; 1s achieved by a rotation about
the post { ‘ol) through angle ¢ITS’ followed by a rotation about the new
trunnion axis throughr QLS' The relatlon betwoen the LEM body exes and ttfe

table axes is therefore‘:
B 7 B ' ) - . -
e COS6,c  SIN6is SING s ~aiNG COSth Fﬁ

ﬁ' 0 Cos ¢L$ Sin §.¢ Pz
Ree]  Lsines cosekssmd,_, CoS6,s co.sd;J

or: : J"-53
R =9y IéTAaLE | ( )

Vector FB » given by subtset equation (F-23), defines the distance

measured from LE{ CG to CSM C5.. Optical parallax corrections may beccre
important as the relative distance dlmimshes. For »ﬁhis reason, vector
(3 is redefined. ILet Fa' te measured from the camera origin 'Figure 1&°
B . : .
to the C3{ plvot point wnich is assumed to correspond to & nominal C3
CG. Hénce:
‘=P -F L= P J-64
FE,-'-IOB’_'(ODE S s = |6&] ( 3)
Irive angles ¢LS and 8, are derived from expression 'J-63) as follcws.
. -

- - - 4 3 N O - - + Ay 3

First, replace FB b”_FB . Since the line-of-sight vector IOB must lie
4

along 3’ the compone:o’t; ofFBmeasured in table a_xeo are /? = 0, f; = Z,

=P’ / 3 .
f.)B '.[OLS . Equations "J-62) can therefore be written as:

'4

/
(OXa = - Qs cos P, SIn 6

/.

€y = Pis Sinds (J-10)

£ Cosd COSO,¢
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Equations / j~10) are manipulated to give:

tan 6, = —ar
a R (J-64)
.7 |
(2 COS 8,5~ 6, SINOrs

tan ¢Ls’

W

d. Optical Head Drives for Telescdpe a.nd Overtead Window Viewing. The

Rendezvous and Docking simula or is designed such uh&t the trunnion-fixed
right camera gen ‘erates a CSM image whenever the telescope modes a.re actl-r

vated., Similarly, the trunnion-fixed lef‘t carera is employed to simulate

S motion in tre overhead wirdow.

Consider telescope viewirng. TFescall that trhe right camera is fixed to

the optical head or eguivalertly, the IEZ tod; axes. The problem, there-

fore, is to de:"ine a new tody axes ’and associated optical head drive an-

gles o, ard ¢ ¥
‘*’Sm O

Tq Tq
telescope axes &as the original tody axes %as to the right window axes.

trhat has ire same orientation with respect to the

Tris 1s accomplisred by rotating atout the telescove Y’I‘q axes through
T 1 ) 1
9"'1" followed vy a rotation ,Zr gtout the rew T{mq gxis, followed T
. I
raster rotation Y)Wra out the rew Z Cog axis. Tre correspondence tetween

-4

the new tody axes ard the telescore axes *ed,‘ces to:
/

P F | J-72)
IOB'rg n Ywr r_Tf ’ (
r ¢l 14
If rotations e and were equal to - 6 - d zero
W’ e Vir Tl o - G Ty ’
he} b < +% 117 T -
resyectively, trer frame FBTtm 214 Tear the same relation to rTq as er

has to :'I'Jr" Hardwere constralnts, however, require that thre optical axes
relative to the CRT be shifted by angles Gemq and ¢e vwhen viewing is
swrbched from the right window +0 the ‘uelescope mode. Furthermore s during

the switceh from window to teléscope viewin g, & raster rotation or change
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in scanning is necessary in order that the vidicon cover the complete
field of view. These items are compensated fozj geometrically by defining

[}
the elements of l1 aB:
Ywr

¢_;Vr = -¢€Tt B ¢Wr
Swr = ey = Owr

(3-74)

Relative distance component$ meé.sured in the new body axes rmust be
found. -This is accomplished by elimingting ;Tq in .( J:-TE). As sh;bwn
pfeviously: )

, , , v o ‘ ,

th = ki'jT( e (D_—?O)
~ Hence: : o
gq = h e, (7-702)

Ywr hikrg

' A
The relative distance vector FB must lie along f’s . Accordingly, opti-
cal head drive angles for telescope viewing are derived tased on the sane

reasoning described in Subsection 5c atove. The_resul’cs are:

- —-——n’—& ’
tar Fsry T By (3-712)

frre
Pzwcosewn- Gory S170usry

Optical head drive angles for overhead window viewing are derived in

Tan ¢LST-‘ =

8 similar manner as above. Exceptions are that the right window sub-
script is replaced by the left window éubscript and the telescope axes
are replaced by the overhead window axes. '

e. Camera Switch Logic., Two cameras are used for three telescopes, two

front windows and overhead window viewing modes. Combination of simul-
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taneous telescope, front viewirg or overhead window CSM viewing is impos-
sible. No drawback results with regard to telescope viewing since the
telescope and wirdow,view éones do not intersect. In addition, when ttre

relative distance is less than £37 feet, the telescopes are inoperative;

' consequently, the CSi cannot overlap the telescope and front wirdow view

cones. During docking the CSM can be seen in the overhead and front

windows sirul taneoucly. _rﬁs corfiguration, however, cannot be similated.
As the CSM enters a particuler view cone, it is propose'd’ to auto:at-

‘icall' compute the corresoord1*~ pos+ and tranr*on drive argWes. To de-

termire whether the CSM can be seen, approximate the field. o*F’ view a"o

each optical axis lire-of-sight ty a cone angle.ﬁLfi ., If the C3I-CG

is within this cone angzle, ther e eppropriate post and tfunnior. drives

are activated.

A
Tne optical lire-of-sight is qu. The (S position referenced to tze
~ - A -
gesigr eye 1is foa . hAccordingly, trhe cone angle made ty Z and IOB is:

=) A ’ pq

(6 2,y
COSApg = —251t P
o % S (3)

0 éJ\ﬂ £

Lngle .A.p is compared *o allowatle F“.g]e_A_;'q s ir loop 1J-73}, to
ascertain which set of equatiors /J-7la, or J-Tlb, or J-€k4) should te

used *o compute the post and trunnion drlve gngles.

f., CS! Crientation. The foregolng sutsec’tion-s define the C31 pqsition in
the IZf windows. It is row regiired o determine the C3f orientatior.
Two C4 models are used for this purpose see Figure 18). Consider the
tkree gimbal, -2%- scale, CS docking model., Locate the tablé-top ref-
erence coordlnate system at the C3M pivot point (Flgure 18). Iet all

gimbal angles be zero, This forces the CSM body axes XB/C to 1lie along
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/

A A (8 | A
; lon i » W
f3, YB/C to 1lie along , and ZB/C’ to lie along negative (01 Rotat..
Tirst about tre negative outer gimbal axis (- ﬁl) through ( YG) Ik

‘then about the midile gimbal axis through (6

(=3

G)CSM’ and last about the _

- inner girbal axis <hrough ¢G)CSM to obtain an arbitrary CSM orientation

relative to the rzlererce table exes. The table axes are related to the

CSM btody axes by <he fcollowing gimbal angle transformation

| (-1
’_)?B/; Fsm(ea& cos (86, Sth(®eX,, , COS(G&};,, oS (k) “"-P

Yo | = -sm(mcos@ cos(@gos(%) COSOAL, 81 B P |2
| +5|n(%51h64@.9n@, ~8IN(%),., COS(Hh),,
Za/c —COS (¢6)‘ 05(961 ‘-Sln@s)w, cos (.*13.4 SIH(Q)WC%(%WL é

] S SN 05+ 178D Yo |

. A
\s tefore, another travsformation must be found that relates r

B/C to

A

A o , .

s manzp cesed on krnowr, real world, variables, |
Pairix operstor /J-53; qij) relates the LEM body axes to the table

axes. Tre LI tody axes relative to the inertial refererce axes are

known 'I2-L7), Cortining gives:

ﬁ\ = [3'3 15KJ ‘STABLE , _ (J-l?)

The CS is oriented to the same coordinate reference as the LEM. CSM

’
ordered roiations are specified by Yéabout Zn followed by Gc about Yn s
followed by ch azout }: {reference 38)., During integrated operation

the angles (Y/ s Oc, ¢c) or the corresponding direction cosine elements

c

are su ec bty the AMS. During independent operation the instructor

will conirol the C8M a t2tude (7-622). 1In any event:
A

Mo = (S.J)c M - (-6
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Combining (J-62) ard (ji2 ) gives: -
A T - A . .
Fere = [(giK)c Ira %h] PT_ABLE (7-6))

or:
A

A ,
Tepe = P:; TABLE
Gimbal angles )0

(T-61)

c CSM’ QG)C"% and <¢G)CSM are found by comparing

known elements of matrix Pij with matrix elements of {J-11). The final

result is given in 'J-60).

Matrix Pij must be modified whenever the telescope or overhead window

viewing mode is activated. Tris modification is required tecause matrix

%y (J-63) relates ke Ticticlous body exes Paqor F :o the tableaxes.‘
For telescope view*ng, the 1EY tody axesarereintroduced as follows
@T{ = 9 ﬂ'nex.e (J-63)
But:
A ' . A
@f{ = (hijwr)(hJKTﬁ) rB/L . (J'-703)

Trerefore:

- . j -
U"sz) JKWr) Tt Craee (J-19

14

fatrin o,cra*a ;” (F-€.)is found by subs™itnting (§ -13) znd {I-10)
‘nto (J-62)., Thisvgives:

LJ = (jm) (ﬂu) (‘%”T’g) ("\rnnw,,)(gm) (J-6éD)

Tor the telescope, and:

= (gf.x)c (3'<1)T ( h4""‘wa;)-r( H’"'ﬁ'wl)‘r(%'i) (J.é')
for the ovefhead window.

~ When the relative distarnce exceeds 530 feet, the two gimbal, El— csM

G cM
is not computed. 7 . '
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g. CSM Solar Illuminatiorn. The solar illumination sub-assembly for both

C3M models consists of fixed banks of lights arranged in rings and sur-
rounding each 'modeI 'see Figﬁras 18 and 19), CM sola.r illumination is
simule.‘ted by selective switching of the light bank quadrants. The 1ight-
 ing array is Fixed %o the table, Each bank of lights extends over an angle
6 2 A
range given ty X 'Bn., messured in the f’ Pz tatle reference plane (see
Figure 19), 7The protlem of light selection, therefore, reduces to ascer-
~taining the Sur's dirzction in tatle coordinates.
Tre Sun's eoordina‘bes r.—:-as;‘\;re'd relative to the Earth or Moon are com-
‘puted in the Iphemeris sutseciion, The orientation of the CSM is also
Xnowr. relative to the I or VE-f:'ame. Corsequerily, the Sﬁn's coordinates

in C8 tody exes arsa:

; /\<a S A
'% ~ Tae = Jije T - (J-85)
;% But, matrix T, [5-€1) relstes the C3M tody frame to the fatle-top frame.
3 s .
accerdingly, ‘Ac Sur's Lre}iﬁov‘ relative to the table is:
T ,

P=PlFo. (7-84)

;1 leqU erd X are used to cortrol the 11": Argle U—Gdefines the

®
cerntrel angls Teiween tie Sur's directiorn and lo3 wnile B locates the

i

Sun's projeutww in tre plare o: the lamps ‘see Figure 19). Hence:
e _ AY) [0} ‘
cosT®= f.£°= £ (J-82)
£Q@%%¢ 1

and: o Pe
Refer to Figure 19. When the Su'n lies in region A O’o < UMON ), the
LEM, C8! and Sun are nearly aligned.. The CSM as seen from the LEM is

not illuminated. All lamps are turned off. When the Sun lies in region

IO - © '
5(0° 2 T-Cuax) , the C3 as seen from the LEM 1s fully 11lum-
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inated. All lamps are turned on. Wken the Sun lies in region C
(T(-U"’& O’°<Tf-0;.~) the CSM 1s almost fully 11lumirated; therefore, more
than one bank of lamps should be 1lit. For the remairing region only one
lamp is lit Tt remains to define which lamp should be 1lit.

Fach lamp segment extends over an a.rgle range AX° There are u
such equal lamp segments, hence, nAxe' 2 | .ﬂngle xG relates
the Sun 8 pos1 io” to the lamp segme ts. For e}ra..lple, for each Z con-

puted, a test must be performed to determire a value of n that satisfies

the inequality:

(n-i) 5% £ §° <nal® (3-8 ~

n=1, 2 ....n
max.

Tamp selection logic is defined in ’J-80).

h. CSM or IF in Snadow. If the CS’ lies in the loon {lunar mission) or

Farth shadow ‘Earth mission), then all lamzs are tur ed off, A shalow
cylinder is gernerated by assuming trhe Sur is at infinity ‘see ske*er),

aFacld

The C8 is in sunlighi whenever the IS radius vector, projected on a

MOON ;

where:

body radius (Rn). In equation form this gives:

. |
Rne = nyc SIN 0n®

= Tom * Fre
"n/el'n/c
O—n“fr

cos O’ne

SHADOW SR 1| Rpn e ,
CYLINDER | EART”V'; E 22355
! \ R*
k) ~ "er\‘ nGZ:

plane normal to thne Sun's direction ?3‘1 /6)’ is greater than the certral

(J"87>
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-

' ©
As shown in the sketch, if R§/®< ':'in but Oé.O';1 < —121, the CM is illum-

inated (see Logic J-86).
6. Conclusions.

Conclusions and recommendations are inappropriate for this Subsection
since a1l drive egquations wers based on hardware dictafes. The visual
display hardware 3esign has not teen f‘iriaiized. As @ result, the fore=-
going drive equaticrs sre sutject to change. Ali fqture changes will

be documented snd issusd as en sdderndur to this report.
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V - SYMBOLS
Symbol Definition nits Rangg Remarks
: ' ~ | (Estimated) -
8, Semi-major axis of ft. [5.7T x 106 to Lunar orbit
» CSM orbit. 7.0x 106 |
20.9 x 102 to Earth orbit
2L.5 x 10 )
8nns Pngs Celestial sphere gimbal deg.j0 to 360 Input to EVIE
P37 "pg . .
R angle drives.
Pq- -
: - : +
a1 3 -Transforration ratrix from fF---- -1 All direction
1n°rt1al M-Frame to ‘selen- cosine elements
cgraphic S-Frame, can vary from
-1 to +1
aj3* Constant transformation pom-— tl Constant, onces
’ ratrix from inertial M-frame t* is specified
tc selenograghic S-Frare con-
puted at sorme eyoch t¥,

81y bk, Cx

k=1,2,3,k

4,B,C

Ar1,I5

AX/V: Ay/v:

Az /v

Aty , Epwy

=lore

Directicn cosines tetween
X2, Yp, Zg body axis and
landing radar beam directions

Lunar inertis constants:
Ic-In Ic-1= 1 Ig
El

J —
Ic I ey

Rendezvous radar azirmuth
girbal argle to tracking-line
or line-cf-sight

Aszodyna iic drag
bation corponent
CSM)

N
~ 0

F‘

e

=

O

H

IEM or CSM VHF antenna
direction cosines with
respect to IEM or CSM .
body axes

o v - -

b 2w

dez.,

deg

1+
'.J

619,36 x 10'6
202,70 x 10-€
£,8159948 x 10

0 to 360

16 x 1077

27

Input constants

Apy, - Input from
RRMM

Arg - Input to
RRMM

Input constant
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Symbol ’ Definition Units Range Remarks
(Estimated) -
o+
©ijp Transformation matrix from | -- -1 Constant matrix
inertial M or E-frame to
ideal IMU R-frame
, + :
Clni. “2ny CSM VHF antenna direction -- -1 Supplied by AMS
’ ? | cosines with respect to during integrated
c n-frame mode
3ni
dpq Distance of Earth or Moon ft 0 to 20 Input constant
viewing screen from window
or telescope
d Mean solar days from Jan. days [-(6 to 9)x 103 Not required if
1.0 1950 to date included in JPL
tapes
Do Ianding radar doppler ft/ |0 to 500 Input to LRMM
i=1,2,3 velocity signals sec
D Integer mean solar days days | 0 - 365 Input constant
from beginning of launch :
year to problem start -
Dy, D2 Fixed distance between CSM | ft. Input constants
and IEM. This parameter
is used to switch the compu4
tation from inertial coor-
dinates to relative coor-
dinates or vice versa.
Dyy» Dgg Jet damping force along 1bs N
body axis.
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Symbol Definition - Units Range Remarks
- ' - (Estimated) -
e2 Earth flattening - 006693213 Input constant .
' equivalent
' +
ey; eo; Quaternions - -1
e3; ey
(E-Eg) Change in CSM eccentric rad. 0 to 2T Iterate for this
anomaly N parameter
.ETL 1S Rendezvous radar eleva- deg. 0 to 360 Epy, - Input from
? tion girbal angle to : RRMM
tracking line or line- E1s - Input from
of-sight : ) RRMM
£ Efrth flattening -- §§%T§b Input constant
perarmeter
(Fx; Pys Toctal external force 1bs | T12 x 103
F,) components along IEM .
Z'B body axes
. +
g4 4 Transforration matrix -- -1
©n from inertiel E or M-frame
to I=M body B- frame
(gij)c Transforration matrix from | -- pal Supplied bty AMS
M or E-frame to CSM body during integrated
frame ' mode
gE Mearn: Earth suriace gravity ft/sec 32.1740 Input constant
g Mean “ongitude of the sun deg O <o 360 Required for
’ physical libra-
tion.
GHA Greenwich hour angle deg 0 to 36C
ﬁi Altitude of ith-earth Tt 0 to 2000 Input constant
tracking station above :
reference spheroid
: +
hij Transformation matrix - -1 Constant matrix
pq from LEM body axis to
' window or telescope
axes
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Symbol Definition l?nits Range. Remarks
(Estimated)
hy/L | Altitude of IEM (G £t 0 to 6 x 107 | Lunar altitude
above lunayr surface measured with
: respect to
: 5 referance
hM/LR Altitude of IEM lending ft 0 to 6 x 10 spherical
radar above lunar surface surface
he Altitude of design eye ft 0 to 3 x th - Input to landing
reference point above And Ascent Imege
lunar surface ’ Generator
h Altitude above spheroidal ft 6 x lOZ to Earth orbits
surface ' 3 x 10~ '
H Hours (UT) from Greenwich hrs 0 to 24
midnight to problem start
Hp/c Total CSM angular momentum ft2/ 30 x 10?
| sec
Hy; Hy; Component CSM angular r£2/ 30 x‘109
’ mementum sec
H, :
ie Inclination of MEP film deg 150 to 182 Input corstant-
strip relative to lunar
equator
I Hayn's inclination constant |deg 1.535 Input constant
of lunar equator tc ecliptic
('Isp)K Specific impulse (Main sec 300 Input constant
engine) for jet damping
Iy Iy; I, Moments of inertis with slug- 2000 to Dces not
respect to body B-axes £t2 22,000 include CSM
Iyyi Iyzs Products of inertia with slug- -100 to
‘respect to B-body axes ft T00
Iox ' )
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Symbol

lhu!lﬁu

135,

11’ 12

—

IR ¥g5 FR

Lgi ¥ Ty

Leys Mgys

Definition

Jullian Date

Oblateness Coﬁsténtr

IEM-VHF antenna direction
cosines with respect to
n-frame :

Distance from fixed RCS
reference point to RCS
Jets

Transformation matrix
from IEM window or tele-
gscope axis to M or E
frame,

Physicel lunar libration
ratrix

Total LEM body torques in
Xy, IB, Zp directions,
atout the instantanecus CG

Reaction contrcl torgques
atout RCS fixed reference
points

Reaction control torgues
about instantaneous CG

Main engine (ascent or
descent torques about
instantaneous CG)

Fuel slosh torques about
instantaneous CG

Units Range
(Estimated) -
days | (2.4 tg 2.5)

ft

ft-
1bs

ft-
1lbs

£t-
1bs

ft-
1bs

ft-
1bs

x 10

1.62345 x 10'3

40,000
Y3000

Tuo0o

110,000

23000

Remarks

Input constant

Input constant
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Symbol

MDK; NDK

ME, N*

my,

mrr

ek

nij

Definition

Jet damping torques about
instantaneous CG

Stage separation torque
about instantaneous CG

Expendables ejected during
ascent or descent

Main engine propellant
flow rate

Sum of rigid and solid mass

Total RCS propellant mass
remaining (system a or b;
l=2,1=b)

Inctantaneous total IEM
mass

Total dry mass of ascent
staege

Total dry mass of descent
stage

Main engine fuel or oxi-
dizer slosh mass in jth
tank

Descent engine fuel or
oxidizer rigid mass in
jth tank

Transformation matrix
from IEM window or tele-
scope axes to mean
ecliptic axes of date

Ieap year integer cor- -
rection for computing
Julian date

Units Range
(Estimated)
£t- 50
Ibs
ft- | 12,000
1bs :
slugs -1
slug/ 1
sec
slugs
slugs 10
slugs 1000
slugs . 200
slugs 150
slugs
slugs
- H
days L-6

- Bemarke

Delete

Required for
Jet damping
MainengineMath
Model

Input from RCS
Math Model

~Input constan:

Input ccnstant

See A-Lfa, L-L7a

See A-Lba, A-i7a

FORM GI28 REV | 3-44

~ REPOMT LED-500-5
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Definition

Transformation from ren-
dezvous and docking display
axaes (f) to CSM body axes

IXM body rates about Xz, Yp
Zp axes, respectively, rel-
ative to0 an inertial system

Lurer triaxiality accelera-
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Symbol Definition CTri<s Pange Remarks
' : (zstimated)
(RrA) Right ascension of Sun deg G to 360
~ © measured at problem start i
Ry Mean radius of moon £t 5.702395 Input constant
x 1C
Rg Mean equatorial radius £t 20.52572813 Input constant
of earth x ¢
Rk Slant range along each £t T %e 7.5 x- Input to LRMM
! - landing radar teanm froz 155
! k = l,d, :
i L 1 LEM to lurar surface
,s 3,
r 4 fe - i -.'.6 :
Ry Design lunar redius tazed £t S x 170 Input constant.
on lend Masss Siraletor de- The value de-
tum reference tends on the
R 4
' ;‘ interded land-
ing cr take-
: off site,
7 i S 5;; Compcrent fuel ani oxi- lts ; -+
s = dizer siceh fcree in IV :
Tz body coordinates !
3
* - S -
S Stage separazicn fcres ~Ts - It
D S
] ; ‘
:
Sy 2eference Aree 2T Inpuit constant
1
% Problen tire g2 --
o ¥ . Time measured from se2 ' Input constant
' protlex start which i
specifies the posizicon i
I the I verz ica Xz
, irection (landing size
(5 at lardingcr taxe-cff a<
' take-off)
FOlm G128 REV 1 864 Wl IF-lC-5

o BT 22 Xril 1965
b - GRUMMAN AIRCRAFT ENGinEERinG COLPORATION
' : COOE 24512
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PAGE 25

u = 1,2000

16

Definition

Julian centuries measured
from Jan. 1.0 1950 to
problem start '

Julian centuries measured :
from Jan. 1.0 1950 to t*.

RCS thrust

Mein engine thrust (ascent
or descent).

RCS thrust components
along body axss

¥Main engine thrust
components aleng body
axes ’

Velocity of LEM or CSM
relative to atmosgher

Component slosh accel-
sration parameter in
tark Y, Z coordinates

Component slosh accel-
eration parameter in Yg,
Zy body coordinates

CSM velccity in inertial
M- or E-frame :

Units

Range

Jl
cent's

Je -

cent's

1bs

lbsr

[
oy
on

1ts

Tt/

g€l

nNy

0~

0 i
M t

£t/
sec2

ft/
Sec

(Estimated)

0 to 100

0 %o 3,500
2 to 10,500

2 to LOO

6,000
25,000

Remarks

Required for

JPL Tapes

Input from
RCSMM

Input from
MEMM

Input from
RCSMM

Input from
MEMM

FORM G328 REV 1 8-44

MPON  LED-500-5
22 April 1965

DATE

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

CODE 26512
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Symbol Definition Units Range Remarks
(Estimated) .

X Y1u Displacement of subsatel- ft Input to EVIE
lite point with respect and Land Mass
to origin of Landing Table Simulator
Model or landing Mass
Simulator

x%gl , Y‘;{a ‘Coordinates of Moon or Sun ft 6 x 106

, in window or telescope axes 60 x 1010

Xn/1s Yn/L | IEM position coordinates in| ft 6 x 1061

7 inertial M- or E-frame 2k x 106 <

n/L ‘

Xp/r; YB/L .| IEM position coordinastes | ft 6 x 102
7 measured in body frame 2k x 10
B/L :

Xn/cs ¥n/c | CSM position coordinatés | ft 6 x 105
7 in inertial M- or E-frame 2k x 106
n/c : '

).(B/S5 iB/S Component velocities along ft/ 5x 103
7 IEM body axes with respect | sec

B/S to lunar surface

)'{M/S 5 iM/S k Corponent velocities of ft/ 15

5 lunar surface measured sec

M/ 5 in M-frame

Xs/v; Ys/y | IEM or CSM coordimtes in | ft 6 x 105
7 selenographic S-frame

S/V ,

Xgp /M" Yr /M Position of Moon in E- ft 15 x 108 Inpu’b frem JPL
frame Tapes

Zg /M T

X5 /o’ YE/o | Position of Sun in E- ft | 60 x 1010 Input from JPL
frame Tapes

Zg/0 . _

7 )'{R/n; Y.'R/n Velocity components of £t/ 25 x 103

: vehicle relative to sec

Z'R/ n atmosphere _

FORM G328 REV 1 844 RMPONT LED-500-5
bATE 22 April 1965

GIUMMAN AIRCRAFTY ENGINE!IING COIPOIAYION‘

.~ CODE mu
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Symbol

VXE/Gii Ye/Gi
Zg [Gi

Xx5 Xy5 Xy

(XCG) BCE) BCG

oc,B,¥
Aoc,

A¥

5 (0]

Definition

Position of ith ground
tracking station in E-
frame

Elements of precession
matrix

Launch year

Positicn of LEM landing
radar plate relative to
IEM body axes

Distance from LEM CG te
local G of any partic-
ular item along X, Y@,
Zy directions, respec-

tively. )

Distance from fixed
body reference axis to
instantaneous IEM GG

Distance from fixed
body referencs axis to
local CG of any partic-
ular item

Distance from center of
3 h gescent tank to CG
of remaining oxidizer
or fuel

Angle range of iamp
segment representing
solar illumination

Angle made by the pro-
Jectign of the Sun in
the ;S rendezvous
display pf%Re with
direction fb

Units

Range

Tt

ft

Tt

ft

deg

(Estimated)

21 x 106>

1969 to
1975

0 to 360

Remarks

Included in JPI
tapes

Input constant

Input constants

Input constant

FORM GI28 REV 1 §-64

xeroR?
DATE

GRUMMAN AIRCRAFT ENGINEERING CORPORATION

LED-500-5
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EMIN

Definition

Angle between Sun direc-
tion and optical axis line
of sight direction’

Mean longitude of the
lunar perigee

Declination of landing
or take-off site

»

Angular displacement of
sub-satellite relative
to MEP film strip cen-
terline

-

Radar elevatlon angle of

the 1P earth ground
tracking station

Minirmum radar elevation
angle of the ith earth
ground tracking station
required for commumni-
cations

Main engine gimbal angles

 Obliquity of the ecliptic

Tolerance parameter

LEM-CSM polarization

angle measured in a plane

normal to the line-of-
sight vector

Position of IEM subsatel-
lite point relative to
ascending node of MEP film
strip

‘| Units Range
(Estimated)
deg 0 to 180
deg | 0 to 360
deg To00
deg t20°
deg 0 to 360
deg 0 to 20
deg 0 t6 10
deg 23
deg 1
deg 0 to 180
deg | O to 360

Remarks

Input constant

Input constant

Input from
SCMM

Input cénstant

Input to CRMM

_FORM G320 REV | 0-64

REPORT Lm)-sbo.5
22 April 1965

. GRUMMAN AIRCRAFT ENGINEERING CORPORATION
o v : coot 26512 ,

DATE
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Symbol

6c, fe

k=1,2,3,4

GIS: ¢I.S

9, 1,¥
gc: ¢c:%

(36) cgpe
(¢G)CSM;

(ny)CSM

¥pg? Poq

V¥ rq

Definition

Earth communication
antenna gimbal angles

The angle between each
landing radar beam direc-
tion and the local vertical
formed by the intersection
of each beam direction with
the lunar surface

Orientation of IEM line of
sight relative to rendezvous

display axes (IEM cemera an-

gle drives) -

IEM Euler angles (ordered
rotations givean by 9 then

¥V  then ¢)

CSM Euler angles (o*dered
rotations given by
then Qq, then ¢o)

1/20 or 1/8> scale 0S¥
CSM docking model girbal
angle rotations

Orientation of window cor
telescope axis relative to
IEM body axes

Lohgitude of ith earih
ground tracking station

Selenographic longitude
which locates the origin
of the landing table or
land mass simulator.

Selenographic longitude
of either LEM or CSM

‘Jnits

deg

deg

deg

deg

deg

deg

deg

deg

deg

~ Range
(Estimated)

0 to 360

0 to 90

0 to 360

| 0 to 360
0 to 360

0 to 360

0 to 360

0 to 360

6 to 360

Remarks

Input to Com-
munication math
model

Input to LRMM

Input to EVIE

Suprlied by AMS
or instructor

Input to EVDE

Input constants

Input constant

Input constant

- FORM G320 REV 1 D-44

REPORT
DATE

GRUMMAN AIRCRAFTY ENGINEENNG CORPORATION

LEB-2

=2

22 April 1965
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Syrbol

A

1=1,2,3

AN,

K
k=1.234

M,

£

4%

k=1,2,3,L

A,

Definition

Selenographic longitude
of either the landing
site or take-off site

Angle Between landing
radar beams

Angular error between
landing radar beams

Angle between slant
range vector and
local vertical

Central force gravita-

. tional constant of Moon

or FEarth

Semi -angle of moon sub-
tended by the IEM vehicle

IZM or (SM VHF antenna
angles with respect to

_ the line-of-sight vector

IENM spiral antenna angles
with respect to line-of-
sight vector

Damping ratioc of descent
engine or ascent engine
fuel or oxidizer

Angle between landing
radar beams

Angular error in direc-
tion of landing radar
beams

Remarks

Input constant

Input constants

Input constantg

Input constant{

Input to Com-
munication
math model

Input to Com-
munication
math model

Input constant

Input constant

Input constant

FORM GI28 REV ¥ 0-8d4

REPORT

Units Range
(Estimated)
deg 0 to 360
deg
deg
deg 0 to 90
rt3 | 1.73139972
sece |x 101
1.40765391
x 1016 .
deg ‘ 0 to 90
deg 0 to 180
deg 0 to 180
deg
deg
LED-500-5

DAt 22 April 1965
GRUMMAN AIRCRAFT ENGINEERING CORPORATION
CcOoDE 26512 ,
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Symbol

‘OXBJR(éJ PZB

F PAmax

&
A A A
fﬁJf;Jfg

e

Ei

Definition

Line-of-sight distance
between LEM-CG and CSM-CG

Line-of-sight distance
measured from de51gn eye
to CSM-CG

Cormponent relative dis-
tances of CSM WRT IEM
measured in E-or M-frame
directions

Cczronent relative dis-
tances of CSM WRT LEM
reasured in tody B-‘ram°
directions

Maximum viewing distance
rizasured in the rlare of
the occeulting disc Trom

the oprical line-of-sight

Ceniral engle between IEM-
mocn radius vector end CSM-
moon radius vector

Central angle reasured st
ccn between the IEM-moon
ai us vector, and *he moorn
ith eartn station radius

vector

Units

Range

(Estimated)
£t 2k x 107
£t 2k x 10°
£t Toy x 100
£t Toi x 107
it
siugs/
deg 0 tc 180
deg 0 to 180

Remarks

FORM G328 REV § 8-84 .

REPONT  1ED-500-5
22 April 1965

DATE

GRUMMAN AIICIAFT ENGINEERING COI’OIATION :
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P
s /v
Psx
¢
1=1,2,3...
B

#oq

¥z

Angle between either ry/c
or rg/c and sun's direction

Angle between window or t
telescope optical axis and
IEM local vertical.

Selenographic latitude
which locates the origin
of the landing table or
land mass origin

Selenographic latitude of
either the LEM or CSM
vehicle

Selenographic latitude of
either the lunar landing
site or take off site

Geodetic latitude of ith
earth ground tracking
station

Angular displacement of
the tank coordinate system
about the Xp IEM axis

Angle which measures roll
about optical line-of-sight

Angle measured between the
projection of window or

telescope optical axes on
the lunar surface and the

dizegtion, of the MEP film

deg 0 to 180

deg 0 to 180

deg

deg | 0 to t90
deg t900
deg -90°
deg 0 to 360

deg 0 to 360

deg 0 to 360

A0E 132

Symbol Definition Units Range Remarks

(Estimated)

A .
(749 Angle between f% axis and deg 0 to 18
: sun's direction
© . .
min . max Fixed angles measured deg Input'constants
’ between 3 and the sun's :
direction ‘

Input to EVIE

Input constant

Input censtan:

Input constan<

Input to EVIE

Input to EVIE

oM G328 BEV | B4

REPORT
DATE

LED-500-5
22 April 1965

,GIU-MMAN AIRCRAFT ENGINEERING CORPORATION
' - CODE 26512
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Syrbol

xg? st
U%c

Tefinition

Units Range

Iongitude of lunar orbit
ascerding node ..

Kodel regression rate of
C3M (Zarth orbit)

n cf ascend-
MEP £ilm strip
reasired in

cr geograph-

()
IS
n
LS
0

ook

:‘1 fote
Falt (M
(ST

M

[ (T
[e)
(b 4

et
14
O o H QO

H

e () et
(o

131 lq
[STR

e M
jnliie]
[V e
g N

[¢]
[¢]

I T s
g TE-C

.
ol Lal8-CI =81

€
2= walzrizr ebou

ot

3
m
. ' 1
[P
N
N
(]

+,

<

p

'

1 O
+

[

0

H

"
lag
ct

[ N |
1

r|'|'n ol
!

’
H
\

(Estimated)

deg 0 to 360

deg/
sec

deg 0 to 360

rad/

3 x 10
sec .

6 x 1077

Remarks_

Input constant

Input to RRMM

Input to RRMM

- — - ] +
e FM Tiir angilar rate rad/ -.05
T zzo sutblerd exis or in-| sec
Tizri zxis
. - N s /
UJE Zzrin roteticon rate deg/ L x 10 3
sec
(A%”f, I TIiy angilar rate rad/ Input to RRMM
- 2TziT Traczirg lire sec
Ww. NeTural fregusnay (fuel rad/ See A-kba, A-LTa
slcsk) sec
(( Mezr Lzrgizude of mocn deg 0 to 360 .
, mzesired in ecliztie from '
—eer. sguinoy of date to
=zg zeer ascerdirg mode of
“ie lirer :rtit, end then
BmalE LS QXTI

FOm G328 REV 3 B4

REPORT
DATE

GRIJMMAN AIRCRAFT ENGINEERING CORPORATION
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Subscript Symbol
a

A

o

td

SUBSCRIPTS .

Definition

RCS system a.
Ascent engine.
RCS system b.
IEM body axes B-frame. .
QSM, also comunicetions
éentér of gravity.
Descent ehgine

- Design eye.
Expenaables;"

Zarth, also geccaniriz e

MEP film strip or lendirg <etls disrlay.

Locel horizon, iocel ~wers

Tanding redar snternns. |
‘Line-of-sight.
lend Mass Simudsascr.

Mcen; also selenscentriz

system.

Rozzle

2 Ap

E-
L2E. relsrencta gyster.

=eer =2uincyx reference

Eitker E-frame or M-®rese

Initial condition.

wronm  LED-500-5
DATE

CODE 34513

: E 22 April 1965
GRUMMAN AIRCRAFT ENGINEERING COBPORATION
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Subscript Symbol
ob

r

v

X; Y; Z

II

~ SUBSCRIPTS (Cont'd)

Definition

-’Outboard axis..

Roll about tracking Iine; also denotes rigid
portion of fuel or oxidizer mass.

Window (W) or telescope (T).

Right (r), left (1) or center {c) window or
telescope. ' o

RCS Jets, also IMU reference system, also relative,
Reference point of RCS Jets.
Rendezvous radar.. 7

Selenographic reference syster; also refers to
fuel slosh. '

Table-top axes (Lend Mass Simulator)
Vehicle, either L (IEM) or C (CSM).
with respect to X, Y, Z directions

With resvect to dry weight of IEM vehicle
ascent stage,

With resyect to dry welight of [EM vehicle

jescent stage.

Sun

FORM G128 REV 1 8-64

RPOR  LED-500-5
DATE. 22 April 1965
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